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Your dreams are sweet and obsessed and you're overworked
You're over taken by visions of being overlooked
How disappointed would D.I1.D.1.P.P. be

To see such our power in our hands all wasted on greed?

Casablancas, J.; Hammond, A.; Valensi, N.; Moretti, F.; Fraiture N. Ize of the World, First Impressions of

Earth, 2005, 12, 41:52-46:22.



Abstract

Carbonyl reduction is a key process in chemistry, both in academic and industrial research. In
the context of biomass valorization, C=0 reduction shines as an essential upgrading pathway.
Indeed, most biomass-derived molecules are naturally oxygen-rich in contrast to petroleum-
based chemicals. H2 gas is the most ideal reductant in terms of atom-economy. Hydrogenation
catalysts have been widely studied, such as Noyori-type catalysts for enantioselective reduction
of prochiral ketones. Due to pressure and flammability constraints though, alternative reducing
agents may be preferred. On big scale processes, hydride salts such as NaBH4 and LiAIH4 are
commonly used, due to their high reactivity. However, stoichiometric amounts of waste are
concomitantly formed during the process. Therefore, sustainable solutions need to be
developed to decrease the environmental impact of chemical processes. Key factors are energy
consumption, waste generation and safety. In this thesis, we have explored alternative energy

sources and novel catalysts to solve the issues mentioned above.

In the first part, we covered the catalytic applications of silver nanoparticles. Then, we applied
microwave heating to the synthesis of magnetically recyclable silver nanoparticles, using a
biomass-derived polymer (carboxymethyl cellulose) as a reductant and stabilizer. It was
applied for the selective hydrogenation of C=0 bonds in water. Then, we explored the metal-
free and mechanochemical reduction of carbonyls, using polymethylhydrosiloxane as a
reductant, that is a waste from the silicon industry. Due to the solvent-free conditions, we
successfully reduced substrates having solubility issues (5-hydroxymethyl furfural and
polyketone). Our mechanistic investigations showed the in situ formation of a highly reactive
gas [HsSiFMe]  during the reaction, that was responsible for the reaction. Lastly, we explored
the synthesis of magnetically recyclable (NiosCuos)Fe204 NPs by plasma induction. We have
successfully applied them for the amination of alcohols under microwave irradiation, through
a borrowing hydrogen pathway. Under our optimized conditions, the catalyst proved to be
active at the 10-gram scale at metal loadings comparable to those of homogeneous complexes
(<2 mol%).

Following the guiding principles of green chemistry, we have successfully applied various
alternative sources to both nanoparticle synthesis and organic reactions. In every case they were

exploited to solve issues linked to the use of solvents or due to conventional heating.



Résume

La reduction de carbonyles est un procédé crucial en chimie, autant en recherche académique
qu’en industrie. Dans le contexte de la conversion de la biomasse, ce procédé est
particulierement important car les molécules biosourcées sont riches en oxygéene,
contrairement & ceux issus de l’industric pétroliere. En termes d’économie d’atomes,
I’hydrogéne est le réducteur idéal. Les catalyseurs d’hydrogénation ont été 1’objet de
recherches pousseées, tels que les catalyseurs de type Noyori pour la réduction énantiosélective
de cétones prochirales. Mais des réducteurs alternatifs, ne posant pas de problémes
d’inflammabilité ou de pression, peuvent étre utilisés. Des sels d’hydrure tres réactifs tels que
NaBH. ou LiAIH4 sont communément utilisés a grande échelle. Mais ces sels génerent aussi
des quantités steechiométriques de déchets. Il est donc nécessaire de développer des solutions
plus durables, pour réduire I’impact de ces procédés chimiques sur 1’environnement, en
considérant la consommation d’énergie, les déchets genérés, et la sécurité. Pour résoudre ces

problémes, nous avons exploré des sources d’énergie alternatives et des nouveaux catalyseurs.

Tout d’abord, nous avons passé en revue les applications en catalyse des nanoparticules
d’Argent. Puis, nous avons exploré la fabrication de nanoparticules d’Argent sur un support
magnétique par micro-ondes, a 1’aide d’un biopolymere (carboxyméthylcellulose) en tant que
réducteur et stabilisateur. Ces nanoparticules se sont révélées sélective pour I’hydrogénation
de liaisons C=0 dans I’eau. Ensuite, nous avons exploré la réduction sans metal de carbonyles
en mécanochimie, en utilisant le polymethylhydrosiloxane, un déchet de I’industrie du silicone,
en tant que réducteur. Sans utiliser de solvant, nous avons résolu des problemes de solubilité
avec des substrats difficiles tels que la polycétone ou I’hydroxyméthylfurfural. Nous avons mis
en évidence par des études mécanistiques la formation d’un réducteur gazeux pendant la
réaction. Finalement, nous avons exploré la synthese de nanoparticules magnétiques de
(NiCu)Fe204 par induction plasma. Nous les avons utilisés pour catalyser I’amination d’alcools
sous micro-ondes, par un mécanisme d’emprunt d’hydrogeéne. Nous montrons que le catalyseur
fonctionne & 1’échelle des 10 grammes, a des taux meétalliques comparable a ceux des

catalyseurs homogenes (<2 mol%).

En se basant sur les principes fondamentaux de la chimie verte, nous avons exploité des sources
alternatives d’énergie sur la synthése de nanoparticules et des réaction organiques pour
résoudre des problémes liés a I’utilisation de solvant ou du chauffage convectif.
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Chapter 1 - Introduction

Well the night was spent, and my money was young

Then | had to get home before my neck was wrung
Everybody danced in the same old way

And if I'm feeling old and desperate, I'll be back some day

Lawler, J.; Wallace, B.; McRory, G. My friend John, Here we stand, 2007, 1, 0:00-3:02.
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Chapter 1 - Introduction

1 Introduction
1.1 C=O reduction in chemistry

Catalytic reductions and oxidations represent the most important chemical
transformations and are routinely employed at all scales of chemical production.! However,
reductions are preferred to oxidations on large scale, due to safety and/or waste disposal issues
associated with most oxidants.? Hydrogen gas is the most ideal reducing agent both in terms of
cost and atom economy. Indeed, hydrogenation has been largely explored in academia, with
the first catalytic example reported in 1874 for olefin hydrogenation.® It has become a powerful
tool for key processes in the industry, such as the Haber-Bosch process, the Fischer-Tropsch

synthesis, or oil refining.*

Despite its advantages, the use of hydrogen gas may be problematic in some settings because
of its flammability and the need for pressurization, and other reducing agents may be preferred.
In industry, the most commonly used ones for carbonyl reductions are LiAlH4 and NaBH4
(Scheme 1). These inorganic salts are highly reactive toward carbonyls, and have been

successfully implemented in big-scale processes (>100 mol scale).®
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Scheme 1. Carbonyl reduction in chemistry.

In fact, hydride salts are the most commonly used reductants to convert C=0 bonds to C-O
bonds in the industry,® along with Noyori-type catalysts for asymmetric prochiral ketone
reduction.” This observation comes in sharp contrast to the diversity of carbonyl reducing
systems reported in the academic literature, showing the overall robustness and economic
viability of these two methods. From the sustainability perspective though, these methods come
with drawbacks. For the former, stoichiometric amounts of waste are generated that are
problematic at the industrial scale. Concerning the latter, Platinum-group metal (PGMs) such
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as Pd, Ru homogeneous complexes are the most commonly reported catalysts. These come

with their own drawbacks: low abundance,® high toxicity,® and recycling issues.°

What alternatives green chemistry can offer to improve carbonyl reduction?

For any given reaction, today’s chemists are facing new challenges to decrease the
environmental impact of their processes while still pursuing better catalytic performance. In
this thesis, carbonyl reduction is used as a benchmark reaction to introduce and explore the
feasibility of a few key green chemistry concepts. Despite its simplicity, this transformation
features challenging aspects such as chemoselectivity!! and mechanistic considerations.
Furthermore, in the context of biomass conversion, C=0 reduction shines as an essential
upgrade pathway.*? Indeed, most biomass-derived molecules are naturally oxygen-rich

(including carbonyl functionalities), in contrast to petroleum-based chemicals.

Four factors will be mainly considered in the introduction. As arbitrary as they are, they allow
a classification of the numerous examples reported in the literature and give a framework for
discussing the ‘green aspects’ of a reaction. With such categorization, other factors have been
omitted for the sake of simplicity. Typically, metrics such as atom economy, turnover numbers

or E-factor are not typically given in papers, which makes an actual ranking difficult.
-Energy source

-Solvent

-Catalyst

-Reductant

Naturally, these categories are complementary rather than mutually exclusive, and fortunately
a substantial number of reports fit into more than one category. Some examples listed below
are ‘sustainable’ upgrades of the two main processes mentioned before, while some other
reports represent more comprehensive improvements. This underlines the complexity of
defining a green reaction. The current thesis is an attempt to formalize the concepts in green
chemistry outlined by Paul Anastas and John Warner 20 years ago, towards carbonyl

reduction.’®
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1.2 C=0 hydrogenation substrates

Benzylic carbonyls (namely benzaldehyde and acetophenone) are commonly reported as model
substrates, due to their high reactivity and ease of handling. In this section, we will present
some C=0 hydrogenation targets that are industrially important. Their reduction products are
useful building blocks available for further functionalization, showing the key role of C=0
hydrogenation in chemical industry. Typically, selectivity is an important aspect, with carbonyl
hydrogenation being disfavored compared to nitroarene, alkyne and alkene hydrogenation
(Scheme 2).14

R (0] (o)
.NO, A xR
R > \R- > R/\/ > RJLH > RJ]\R.

Scheme 2. Usual reactivity trends in hydrogenation.

A plethora of methods have been devised to tune the selectivity of a catalyst in the specific case
of C=0/C=C selectivity. For instance the Medlin group has explored Pt surface modification
with thiol (R-SH), to prevent C=C coordination on a,B-unsaturated aldehydes (Scheme 3).%°
C=0 selectivity can also be tuned by encapsulating Pt/Pd into MOF, tweaking the steric

environment of the active sites.1®

Ph
Ph Ph

Scheme 3. Thiol poisoning for C=0 hydrogenation selectivity.

\/\/

Interestingly, Zhang et al. made a Cu(l)-based catalyst that has a switchable C=0/C=C
selectivity.!’ Starting from a Cu(l) N-heterocycle thiolate complex, the catalyst had different
selectivities depending on the base/hydrogen donor used during the reduction of a,f-
unsaturated aldehydes. By using K.COs/nBuOH, the catalyst adopted mostly a monohydride
configuration, showing a strong C=C selectivity. By switching to NaOH/iPrOH, a protonated
hydride Cu(l) complex forms, that is C=0 selective (Scheme 4).
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R’ R' R'
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monohydride complex protonated Cu(l) hydride complex

Scheme 4. Cu(l)-based switchable catalyst.

C=0 is a common functionality encountered in biomass. Unsurprisingly reduction of biomass-
derived platform molecules, in particular levulinic acid (LA) or 5-hydroxymethylfurfural (5-
HMF), are intensely explored.’® They can be made from acidic treatment of glucose or
cellulose, and for both, pilot plants dedicated to their production from biomass have been
built.?>2° Two other industrially relevant targets are acrolein and citral. Acrolein is probably
the most challenging substrate for selective C=0 hydrogenation, due its C=C bond being the
least sterically hindered compared to any other a,B-unsaturated aldehyde. Citral has two

unsaturated C=C bonds, making for challenging selectivity issues as well.

1.2.1 Levulinic acid

LA can form y-valerolactone (GVL) upon hydrogenation and subsequent cyclization
(Scheme 5).2! GVL is useful in itself as a fuel additive or solvent, and can be further reduced
to 2-MeTHF for similar purposes. It can be further converted to a-methylene-y-valerolactone
(MeMBL) using formaldehyde, and serves as a methyl methacrylate upgrade in its
polymerisation.?? Indeed, it increases the glass transition temperature of the resulting
copolymer by 100 °C compared to pure poly-methyl methacrylate. GVL can also reversibly
convert to pentenoic acid (PEA),% which can be further hydrogenated to pentanoic acid (PA).
All these intermediates can be decarboxylated or used as chemical building blocks or fuel
additives.?* Another closely related pathway to carbonyl hydrogenation is reductive amination,

from which LA can form 2-pyrrolidinone derivatives.?
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Scheme 5. LA hydrogenation and further upgrade pathways.

1.2.2 5-hydroxymethylfurfural

As for 5-HMF, its reduction to 2,5-dihydroxymethylfuran (DHMF) has been covered
by Hu et al. (Scheme 6).2% This symmetrical diol can be directly used as a co-monomer, for
example with succinic acid to form poly(2,5-furandimethylene succinates) (PFS).?’ It can also
be etherified using various short chain alcohols to form 2,5-bis(alkoxymethyl)furan (BAMF)
that can be used as fuel additives.?®2° Lastly, it can be re-arranged into 6-hydroxy-6-methyl-4-
enyl-2H-pyran-3-one (HMEPO), an intermediate for the synthesis of sugar analogues and

compounds with excellent biological activities.3%-3
PFS 00
NPT
| A
'HO o O _MH_  Ho O PH; ring 0o °
! | —_— | 1 rearrangement
' Y DHMEF / i > 4

5-HMF .

"""""""""""""""""""""""""" \K-OH OH ymepo
etherification
RO o) OR
| / BAMF

Scheme 6. 5-HMF hydrogenation and further upgrade pathways.
1.2.3 Citral
Citral, a monoterpenoid containing three unsaturations (1 C=0 bond and 2 C=C bonds),
is distilled from essential oils such as lemongrass oil. It is responsible for the ‘citrus effect’ in
perfumes and other flavored consumer goods, and widely used as such. It can be cyclized into
other flavours such as menthol.3? From a purely scientific standpoint, Stolle et al. have

identified citral hydrogenation as a challenging process, considering the selectivity issue
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stemming from the presence of three double bonds (making up to 8 potential products, see
Scheme 7).3 Some metals such as Ag, Ru and Os, have intrinsic properties towards improved
selectivity to C=0 reduction, and once combined with acidic promoters such as In.Oz, CeO>

or MgO can improve the reactivity of the carbonyl.!
citronellal

mentho
c
- * o
OH \
| * OH

|
----------------- :y | X
X OHE * OH
_> ]
nerol or :\ /
| geraniol: © B
) X OH
""""" \/ }
A: C=0 hydrogenation X No A * o

B or C: C=C hydrogenation

e mE -

Scheme 7. Citral hydrogenation selectivity issues (each hydrogenation pathway is indicated
above the arrows).

1.2.4 Acrolein

Acrolein is the simplest unsaturated aldehyde, produced from the oxidation of
propylene on MoxFeyBi, oxides heterogeneous catalysts.®* Allylic alcohol, acrolein’s C=0
hydrogenation product, is an important intermediate in both the pharmaceutical and fragrance
industries (Scheme 8).3 Most of allyl alcohol is used for the production of glycerol through
epoxidation/ring opening, and it is an intermediate in the production of polymerizable allyl
ethers and esters, especially diallyl phthalate. It can be also directly co-polymerized with
styrene to form poly(styrene-co-allyl alcohol), which can be used as a solid support for

combinatorial chemistry.3®
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Scheme 8. Acrolein hydrogenation and further upgrade pathways.

1.3 Alternative energy sources
As outlined by Varma et al., a number of alternative energy inputs have been successfully
applied to both organic chemistry and material synthesis (Scheme 9).3” These all constitute an
effort towards improving the efficiency of a reaction from an energetic perspective. Indeed,
most organic reactions are conducted using convective heating. This can be seen as a fairly
inefficient process where most of the energy is wasted through thermal loss. Components in a
chemical set-up are heated successively: heating plate, reaction flask, solvent (if present), then
finally reactants. Furthermore, convection can be too slow to ensure a homogeneous heating,
depending on the stirring and the heterogeneity of the reaction medium. This is particularly
problematic in nano-material synthesis to obtain monodisperse NPs, and in large-scale

processes where heat accumulation can be a threat.

hv

\ Jd J

Convective heating Microwave heating Mechanochemistry =~ Sonochemistry Photochemistry

Scheme 9. Energy inputs used in chemistry.
1.3.1 Microwave heating
Microwave irradiations occur in the 0.3-300 GHz range. In domestic and chemical applications,
a frequency of 2.45 GHz is applied to avoid telecommunication interference. This frequency
corresponds to a wavelength of 12.24 cm, and photon energy of 0.0016 eV.*8 This is lower than
Brownian motion, therefore microwave irradiations cannot directly induce chemical reactions.

Instead, ‘microwave dielectric heating’ relies on the capacity of the reaction medium to absorb
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microwave energy and dissipate it into heat. This phenomenon works as follows: upon
irradiation, the dipoles and ions of the solution align with the applied electromagnetic field. As
the field oscillates, dipole/ions re-align with it and generate heat through molecular friction and
dielectric loss. This results in a faster and more homogeneous heating of the reaction medium
and a far superior reaction reproducibility to classical heating. Thus, it has been successfully

applied to both organic chemistry and nano-material synthesis.®’

Early examples (1997-2002) of the use of microwave heating in carbonyl reduction consisted
in the straightforward transposition of transfer hydrogenation reactions, namely NaBH4
reduction and the Meerwein-Ponndorf-Verley reaction (see section 1.6). Then, household
microwaves were mostly used, although in most cases they were fitted with a reflux condenser
on the top (Scheme 10). The difficulty to stir efficiently in such set-ups led to the absence of
accurate temperature control, and safety issues (some authors®® explicitly recommend not to
perform their reaction on a big scale).

NaBH, in water or on Al,O4
or Al(QiPr)s/activated Al,O5 in iPrOH
PN

R N0 R” OH
LW (household, <15 mins)

Scheme 10. Early examples of microwave heating in carbonyl transfer hydrogenation.
For instance, Torchy et al. transposed the MPV transfer hydrogenation to microwave heating.*°
The reaction consisted in heating stoichiometric amounts of Al(OiPr)sz in the presence of
ketones in iPrOH, with a typical reaction time of 2 minutes, compared to the 3-8 hours required
usually in conventional heating. Therefore, they could not exclude the possibility of solvent
superheating occurring, especially in the absence of stirring. Kazemi et al. used microwave
irradiation to activate Al.Oz with KOH, then used it for ketone MPV reduction in a similar set-
up.** Meanwhile, Varma and co-workers reported the use of NaBH4 impregnated on neutral
alumina as a reductant.®® Upon exposing a slurry of this solid reactant with acetophenone to
microwave irradiations, the corresponding alcohol can be obtained in less than 120 seconds.

Zeynizadeh et al. reported a similar system in an aqueous solution.*?

Eventually, the advent of microwave reactors adapted to organic reactions led to safer and
better chemical processes. Companies such as Anton Paar, CEM or Biotage now
commercialize dedicated lab microwaves with pressure and temperature control which
triggered wide-spread interest in microwave chemistry. In 2008, Varma and co-workers

reported Ni supported on a magnetite support, using dopamine as a linker (Ni@Fe304).*® Later
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on, they published a similar reported using Ru supported on a magnetite core with a silica shell
(Ru@Fes04).** Yoshida et al. also reported the preparation of Cu supported on hexagonal
mesoporous silica (Cu@HMS) under microwave.*® These three catalysts share similar
performances for the transfer hydrogenation of ketones using iPrOH in microwave, requiring
a base (NaOH or KOH), and showing high recyclability with no metal leaching (Scheme 11).

Ru@Fe304,(4 mol% Ru)
Ni@Fe304 (7 mol% Ni)

o or CU@HMS (0.4 mol% Cu) OH
Ar)K K-OH or NaOH, iPrOH, <45 min, Ar)\
100°C, uW

Scheme 11. Microwave heating for catalytic carbonyl transfer hydrogenation.

Gowda et al. reported the use of non-noble metal carbonyls (Fe, Mo, Co, W) as in situ
precursors to nanocatalysts for LA hydrogenation to GVL (Scheme 12).%¢ While under
conventional heating HCO>H/NEts reductant was used, EtOH under microwave served as both
solvent and reductant in the reaction. Most notably, reaction time was decreased from 48 h to
20 min. Rather than being made in situ, the NPs can be prepared in presence of organic
polymers (PVP or Poly(methyl methacrylate)) as stabilizers. The catalyst could then be re-used
5 times with no yield drop.

thermal conditions:

0 Co,(CO)g o o HCO2H/EfKN, Hy0, 48 h
PN (0.4 mol%) Ad 89% yield
CO,H
levulinic acid 180°C, uW y-valerolactone ~Mmicrowave conditions:
KOH, EtOH, 20 min
82% vyield

Scheme 12. Metal carbonyls as catalyst precursors for LA transfer hydrogenation under
microwave.

1.3.2 Mechanochemistry

20 million tons of organic solvents are produced every year, and make up to 85% in
mass of waste emission for the synthesis of active pharmaceutical ingredients.*’” These large
quantities are required not only to ensure the homogenization of a chemical mixture, but also
to perform extraction, purification and cleaning purposes.*® A mechanochemical reactions is
defined by the IUPAC as ‘a chemical reaction that is induced by the direct absorption of
mechanical energy”. Indeed, mechanochemical impact and/or shearing can enable chemical

reactions in absence or with drastically reduced use of a solvent.*°® Furthermore, the absence of
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solvent can favor an acceleration of reaction rate through high concentration, and offers an

opportunity to solve substrate solubility issues.

In fact, mechanochemical reactions are the oldest and simplest techniques used in history.*® In
most ancient civilizations mechanical treatments with pestle and mortar for food and medicine
preparation have been well documented. Unlike in liquid-phase chemistry, organic and
inorganic oxidations are prevalent compared to reductions. This is explained by the wider

availability of solid oxidants, along with the natural presence of oxygen in air.

In the context of carbonyl hydrogenation, the sole reductive systems reported involve NaBH4
and related salts. Early on, Toda et al. reported the manual grinding of a ketone with a tenfold
excess of NaBH..>! Their process was slow, requiring a 3-5 days aging in a dry box with a daily
grinding. In the case of Wieland—Miescher ketones, they succeed in the fully enantioselective
reduction into the chiral secondary alcohol. Cho et al. tested a few acidic activators in
conjunction with NaBHa in a mortar, such as benzoic acid or p-toluene sulfonic acid.® In the
case of sterically hindered ketones such as 1-indanone, the presence of H:BO3z powder could

increase the yield by up to 50-fold.

An interesting development was brought up by Zeynizadeh et al., using wet SiO, powder as a
reaction medium for NaBH4.*? Although the reaction is not mechanochemical per se (the
mixture is heated in an oil bath at 80 °C), it was conducted in solvent-free conditions with
minimal amounts of liquid. Using dry SiO2, benzaldehyde gets reduced with a 5% yield after
3h of mixing at room temperature, whereas by using wet SiO2 (30%w/w H20 loading) they

reached full conversion at 1 h of mixing.

A decade later, Mack et al. reported the mechanochemical reduction of carbonyls using NaBHz,
using a ball-mill mixer.%® Notably, the addition of LiCl salt could induce the in situ formation
of LiBH4 that is reactive enough to reduce esters. An additional study on the reaction
intermediates and chemoselectivity of their system was published later on by Naimi-Jamal et
al.®* Lastly, Sola et al. reported a sustainable route for the synthesis of Fluoxetine (Prozac),
using microwave heating and ball-milling.%® In their second step, ball-milling with NaBH, was

successfully applied for the reduction of an aminoketone (Scheme 13).
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Scheme 13. Sustainable synthesis of Fluoxetine.

1.3.3 Photochemistry

Photocatalysis is characterized by the increase in the rate of a light-induced reaction. A
typical example of photocatalyzed reduction consists of the separation of e and h* charges
under light irradiation to reduce carbonyls section (line 1 in Scheme 14). The h* recombines
either with a sacrificial electron donor (EtsN, line 2) or with an alcohol to generate H: radicals
(line 3). The generated electron e” recombines with the substrate to generate a negatively
charged radical intermediate (line 4). This intermediate can either dimerize into a pinacol, or
trap H+/ H: to form the desired alcohol. Thiols can be added to inhibit dimerization into pinacol,

as shown in some examples below.

hv
[@QD] — ecg + h'yg (1)

h*yg * EtsN — Et5N (2)

H EtN  H  hhyg H M
A== 1 = ] ——=r00
R” “OH R™ O R

o
o o
st —_—
cee* - 4
o H*H’ OH

L B ——
carbonyl reduction: R“J'\Rz R1J\

R
O 2H" OH
pinacol coupling: 2 J\ - HO%Rz
R "R? R'

R2

Scheme 14. General mechanism for photocatalytic carbonyl reduction.

Heterogeneous systems. Shiragami et al. reported semi-conductors, such as CdS and TiO>

NPs, as catalyst being able to harvest visible light (>400 nm) and enable transfer
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hydrogenations. CdS colloids (2-5 nm) were shown to reduce ketones to alcohols using MeOH

as reductant and EtsN as an electron donor (Scheme 15).%

o] OH
CdS, Et;N R . Ho OH
'S ) R?

R? MeOH, hv (>400 nm) R" "R? R

10-100% conversion
15-95% selectivity
(6 examples)

R1

Scheme 15. CdS-catalyzed photocatalytic transfer hydrogenation of ketones.

Li et al. showed that CdS can also be used in conjunction with an Ir-based complex, using
lactic acid as a sacrificial electron donor this time.>” Rather than transferring its electron
directly to the carbonyl, CdS can transfer it to the Ir complex, allowing the production of H>
from H* of lactic acid and then hydrogenation of the carbonyl substrate (Scheme 16).
Eventually, Liu et al. showed that the Ir complex could be replaced with
[Ru(bpy)2(CO)2](PFe)2.*®

o CdS/[Ir] OH HO OH
A 7 N\~
R" "R? Lactic acid/H,0 (pH =6.5) R' "R? _ \ /)
hv (>400 nm), 3-6 h  220-790 TON NN »
100% SeleCtiVity HQO/ \Cp*
(4 examples)

Scheme 16. CdS/Ir-catalyzed photocatalytic transfer hydrogenation of carbonyls.

Joyce-Pruden et al. reported TiO2> NPs (anatase) to reduce benzaldehyde, using EtOH/iProNH
and UV light (>340 nm) this time.*® Later on, Kohtani et al. expanded the substrate scope (64-
99% yield, 11 examples), without iPro.NH (Scheme 17).% In their case though, polycrystalline

TiO2 was used (90% anatase, 10% rutile).

?J\ TiO, (30 mol%) jD\H
R" "R? EtOH, hv (>340 nm) R" "R?
32°C, 2-10h

55-99% yield
(11 examples)

Scheme 17. TiO2-catalyzed photocatalytic transfer hydrogenation of ketones.

Zhang et al. opted for poly(p-phenylene) (PPP) as an organic photosensitizer, due to its stronger
reductive potential compared to TiO2 (its conduction band is at -2.0 V vs NHE, as opposed to
-0.5 V vs NHE for TiO,) (Scheme 18).%* The authors used EtsN and p-mercaptoethanol (BME)
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as sacrificial electron donors, with the thiol fully inhibiting pinacol formation (0-76% of

pinacol was formed in absence of BME).

0 OH
PPP, Et;N, BME < >—)-n
H H
R/(>)k MeCN, hv (420 nm) R/©)\ PPP
23 h OH
51-100% yield | HS™
(6 examples) BME

Scheme 18. PPP-catalyzed photocatalytic transfer hydrogenation of aldehydes.
Sharma et al. reported a base-free system, using Ru supported on graphitic carbon nitride
(Ru@g-C3N4) and short chain alcohols as reductants (EtOH, nPrOH, iPrOH).52 C3Ny is a semi-
conducting material that serves the same role than TiO2 and CdS mentioned above. Due to its
heterogeneous nature, the catalyst could be recycled up to 6 times, although with a 20% vyield

drop overall (Scheme 19).

0 Ru@-C3Ny j)\H
R OR2 ROH, hv (>420 nm) R" "R?
rt, 6-20 h 19-91% vyield

(10 examples)
recyclable 6 times

Scheme 19. Ru@g-CsNj4-catalyzed photocatalytic transfer hydrogenation of carbonyls.
Homogeneous systems. Konig et al. reported the synergistic activity of proflavine (PF) and a
[Cp*Rh(111)(bpy)H]CI complex for aldehyde reduction (Scheme 20).%® PF is able to harvest
blue light (455 nm) and regenerate the Rh(l1l)-H active species using TEOA as a sacrificial
electron donor. The system proved to be selective towards aldehydes (<3% yield on ketones),
and flow conditions proved beneficial to the reactivity due to the more efficient light exposure

(resulting in a 5-fold increase of reaction rate).

') [Rh]/PF (10 mol% each) OH

TEOA (2 equiv.)
H H
DMF/H,0, hv (455 nm)
R R

15-42 h

51-95% vyield

(10 examples)

flow compatible

HO OH
PF
I N N
—N_ /N —
[Rh] RA. H,N N NH,
H20 Cp*
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Scheme 20. [Rh]/PF-catalyzed photocatalytic transfer hydrogenation of aldehydes.

Call et al. improved the system with an earth abundant, oxygen- and water-stable tandem: a
Cu-based photosensitizer (PSCu) coupled with Co-based reduction catalyst (Scheme 21).%
Their system was able to reduce a wide range of aldehydes, including aliphatic ones, using H.O
as a hydrogen source. Furthermore, their process had a similar or higher ketone versus aliphatic

aldehyde selectivity to/than the Luche process (selectivity >11:1 in all cases).

0 PS¢, (1.5-6 mol%) OH
[Co] (2-6 equiv.) —N,, N
R' - R'
H,0/MeCN/EtsN N’ °~ors
R hv (447 nm), 15-30°C, 5-24 h R N | [col

40-96% yield
(29 examples)

Scheme 21. Cu/Co-catalyzed photocatalytic transfer hydrogenation of aldehydes.

Plasmonic catalysis. Plasmonic photocatalysis is based on visible-light absorption of metal
NPs resulting from their localized surface plasmon resonances (LSPR).®® Indeed, visible light
can enable the collective oscillation of the valence electrons of coinage metal NPs (Au, Ag,
Cu) and Al NPs, allowing them to act as catalyst through the generation of high-energy

electrons.

Hao et al. used Au NPs supported on SiC (Au@SiC) as plasmonic catalysts for the C=0-
selective transfer hydrogenation of o,B-unsaturated carbonyls under visible light (Scheme
22).%8 In their model, the LSPR allows the transition of electrons from Au NPs to the conduction
band of the support, leading to slightly positively charged Au NPs and charge accumulation at
the Au/SIC interface. This phenomenon allows the catalyst to dehydrogenate iPrOH at room
temperature, with a high C=0 reduction selectivity (72-100%) due to the higher polarization
of C=0 bonds from Au®*,

Au@SiC (0.01 mol%) OH
KOH/iPrOH
A~ S
hv (400-800 nm), 2-8 h

53-100% conversion
72-100% selectivity
(12 examples)
recyclable 5 times

Scheme 22. Plasmon-driven selective reduction of carbonyls using Au@SiC.
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Similarly, Landry et al. exploited the same phenomenon with Ag nanocubes (Ag NC, Scheme
23).57 Under mild H; pressure (1 bar), especially for Ag NPs (see section 2.4.1), the authors
successfully reduced a range of 12 carbonyls including aliphatic ketones and cinnamaldehyde
at the C=0 position.

Ag NC (5 mol%)
o H, (1 bar) OH

R® 'R dioxane, hv (405 nm), 80°C,24h R R

34-87% conversion
(12 examples)

Scheme 23. Plasmon-driven selective reduction of carbonyls using Ag NC.

1.3.4 Sonochemistry

Ultrasound is a sound field with frequency between 20 kHz-10 MHz.% Once applied to
a liquid, cavities nucleate from pre-existing bubbles in solution, and solid impurities.®® This
phenomenon of cavitation generate bubbles that will go through cycles and collapsing. It has
been hypothesized (through the hot spot mechanism) that extreme conditions (around 5000 K,
2000 atm) are reached during the collapsing of the bubbles, giving sufficient energy to the

surroundings to induce chemical reaction.”®"

An early example of sonochemistry for C=0 reduction was reported by Salvador et al.,
using Zn powder in a AcOH solvent.”> Within 1 h, they succeeded in reducing a 16-en-20-one
pregnenolone derivative to its enantiomerically pure 16-en-20(R)-ol counterpart. Firdaus et al.
transposed NaBHj4 to sonication-induced reduction of aldehydes in neat conditions.” Xu et al.
showed that ultrasonication could induce the asymmetric transfer hydrogenation of ketones,
using a chiral Rh cationic complex supported on mesoporous silica ((Rh*]@SBA-16).” Using
HCO2Na as a reductant, they obtained chiral alcohols in extremely high yield and
enantioselectivity from a range of acetophenones (Scheme 24). Compared to identical
conditions without ultrasound irradiation, the reaction was around four times faster with a 10-

20% gain in ee.

~ 1+
[Rh*]@SBA-16 (2 mol%) \g
0 HCO,Na, BuyNBr Rh

o £ CF3S05
* TsN NH 39U3
Ar)J\ 15-60 min, H,0, )))) Ar)\ )
92-99% conversion Ph Ph
85-99% ee B [Rh*]

(14 examples) (recyclable 9 times)
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Scheme 24. Asymmetric Rh complex for acetophenone reduction using ultrasound.

1.4 Solvents

A lot of organic solvents are harmful, toxic and environmentally damaging. However,
they are crucial in most organic reactions to dissolve chemical compounds, enable heat
dispersion and ensure proper mass transfer. Substituting them or alleviating their use is no
simple task, as many factors (such as safety, separation cost, viscosity, solvation properties,
chemical stability) must be taken in account to evaluate their impact.” As stated earlier
switching to solvent-free processes is a viable option, whether it is in liquid or solid phase (see
section 1.3.2 for the latter case) depending on the substrate. Not using solvents allows higher
reaction rates due to higher concentration (for bimolecular reactions and beyond), as well as
lower costs. However, low diffusion rates and heat dispersion issues due to higher mixture
viscosity can be encountered in solvent-free conditions. Ultimately, the impact of a solvent on
the performance of a reaction or on the economics of a process are the governing parameters,

respectively in academia and industry.

In 2010, Prof. Jessop conducted a survey with the following question: “If the adoption of
greener solvents over the next 20-30 years will reduce environmental damage from human
activities, then the adoption of what class of solvents will be responsible for the greatest
reduction in environmental damage?”. A relative consensus pointed at supercritical CO, water
and carefully chosen traditional organic solvents (these 3 categories added up to 75%, with the
rest of the answers comprising bio-derived solvents and solventless systems).”® This came in
stark contrast to the overwhelming proportion of papers published in the journal Green
Chemistry describing solvents being focused on ILs (around 50% of the papers). He listed a
few scientific challenges in green solvent development, such as developing more diverse
solvents in terms of polarity and hydrogen bond donor capacity (cf. Kamlet-Taft diagram),
while taking in account the synthetic route and safety parameters. For instance, developing a
bio-derived low boiling-point polar aprotic solvent is still highly desirable.

1.4.1 Ionic liquids and deep eutectic solvents

ILs are salts with melting point below 100 °C. Due to their low vapour pressure and high
polarity, they have been used to replace more ‘conventional’ organic solvents.”” Although their
toxicity and flammability drastically vary among each IL type, they have attracted organic

chemists’ attention for a variety of reasons.”® First, some ILs can dissolve usually insoluble
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substrates such as cellulose or lignin, allowing for an easy extraction and functionalization.”
By a careful design of IL-miscible catalysts, ILs can be used as a convenient separation and
recycling medium.8® Hydrogenations in an IL medium have been reviewed elsewhere, with
most examples on C=C hydrogenation.8! From a C=0/C=C selectivity standpoint, ILs actually
favour C=C reduction in the case of Pd/C-mediated hydrogenation of citral in ILs.8? At 10 atm
and room temperature, Hz solubility in ILs is about the same as in H,O (around 0.8.10°M)
whereas H is more soluble in MeOH, EtOH and toluene (3.75.1073, 2.98.107 and 3.50.10*M
respectively).®

These factors make ILs suboptimal for carbonyl hydrogenation. Furthermore, one must take
into account the synthetic cost and potential toxicity of these highly-functionalized solvents,
although efforts have been made for synthesizing them from biomass to lower their
environmental impact.2* For all these reasons, ILs cannot be used universally as a ‘green’
solvent, and their use must be justified by a specific need in the process design (such as

substrate solubility, catalyst recyclability, solvent effect).

Another closely related class of compounds are DES. They are defined as a mixture of two
compounds that has a lower melting point than their isolated components. For ILs, the lowered
melting point of the ionic pair came from the large size and conformational flexibility of the
ions.® This leads to small lattice enthalpies and large entropy changes that favor the liquid
state. As for DES, the increased hydrogen bonding interaction is the reason for the formation
of the eutectic mixture. Upon mixing the right combination of hydrogen bond donor and
acceptor (HBD and HBA), a eutectic mixture is formed, resulting from the increased hydrogen
bonding. This comes with a great practical advantage, as the simple mixing of the HBD and
HBA is usually enough to make a DES.® Furthermore, most HBDs can be naturally-occurring
alcohols or polyols, while most HBAs are amino acids or ammonium derivatives. Yet again, to
the best of our knowledge and according to the most recent reviews on organic reaction

conducted in DES, carbonyl hydrogenation has not been explored in this context.8”88

142 H:0

H20 as a solvent. For a long time, HO as a solvent has been deemed as unsuitable for organic
chemistry, due to the low solubility of most organic compounds in agueous solutions. Yet, most
reactions in nature take place as aqueous enzymatic processes. Breslow et al. made a first

breakthrough in 1980 by showing that Diels-Alder reactions proceeded faster in H2O than in
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less polar organic solvents.®® Indeed, they observed up to 700-fold increase in the reaction rate
by switching the solvent from iso-octane to H20 for the cyclization of cyclopentadiene with

butanone.

Later on, the same group exploited the hydrophobic effect to tune the selectivity of RLiBHz3-
mediated reduction of ketones in water (R = H, Ph, CsFs).% The authors mixed aromatic and
aliphatic ketones, showing the “salting out” effect in water by adding NaCl or LiCl salts, and
using a bulkier aromatic ring, or using a hydrophobic reducing agent such as CsFs-LiBH3 would
all contribute to increasing the selectivity towards the more hydrophobic aromatic ketone
(Scheme 25). In the best case, using a naphthyl-substituted ketone and CsFs-LiBHz3 in LiCI/D20
gave a 95:5 selectivity against the corresponding methyl-substituted ketone. The reaction was
also greatly accelerated, with a 40-fold rate increase compared to a classical LiBH4/MeOH
setup. Conversely, adding salts such as NaClO4 or guanidium chloride, or using MeOH as a
solvent decreased hydrophobic interactions and chemoselectivity alike. The same trend was

observed in intramolecular competition with a substrate bearing both functionalities.

R-LiBH;
0O e} R = H, Ph, CGF5 OH OH
N*M + + N*M + +
Ar)J\/ €3 )J\/N Mej H,0, salt Ar)\/ €3 )\/N Mes
Ar = Ph, naphtyl, biphenyl A B
A/B ratio increases: A/B ratio decreases:
-with LiCl, NaCl salts -with NaCIlOg, guanidium chloride salts

-with hydrophobicity of R-LiBH;  -with MeOH as a solvent

Scheme 25. Hydrophobic effect on selectivity.

In 2005, Sharpless et al. noted an almost 300-fold rate acceleration of quadricyclane
cycloaddition to dimethyl azodicarboxylate (DMAD) by switching from neat conditions to
aqueous solutions (Scheme 26). Such observation shows that reaction rate acceleration does
not just stem from a higher substrate concentration (in neat conditions), but also from the

presence of H,0 itself.%

CO,M
N/Cone . N2 © time to completion:
+ 1 23°C % N neat- 48 h

MeOzc/N ‘co,Me ‘on water' (4.53 M) - 10 min

Scheme 26. ‘On water’ effect.

The authors coined the term ‘on water’ to describe the reaction conditions, a vigorously stirred

aqueous suspension possessing an oil—water interface. Still, the explanation for this accelerated
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reaction rate remained unclear. Shen et al. analyzed by surface vibrational spectroscopy H2O-
hexane and H>O-air interfaces, showing that in all cases, about 25% of surface water molecules
at the hydrophobic interface have one dangling -OH group.®? These bonds are not H-bonded to
other H>O molecules, protruding into the hydrophobic phase unlike the other -OH group of the
same molecule. Thus, Marcus et al. suggested that these dangling bonds could decrease
activation barriers in Sharpless’ report, effectively showing experimentally and theoretically
that H,O acted as a catalyst.>® More generally, the authors suggested that the ‘on water’ effect
will benefit any transition state that is more H-bonded to the surface H>O than the reactants
are. Interestingly, Sharpless’ reaction exhibited a strong isotopic effect, with a 4.5-fold

decrease of the reaction rate when D20 was used instead of H20.

Using surfactants in H20. The water-organic layer interface can be further mediated using
surfactants. Above a certain critical micelle concentration (cmc), small supramolecular
structures (<100 surfactant molecules) form by aggregation around hydrophobic droplets.
These assemblies are in thermodynamic equilibrium through monomer exchange, with a
typical lifetime on the order of 10°-10° s.%* Akin to solvent-free conditions, surfactants allow
a higher local concentration of substrate, but with the presence of surrounding H2O for heat
dispersion. In general less catalyst is required, and down to ppm levels of metals can be
employed.®® By tuning the charge number on the monomer (cationic, anionic or neutral), this
allows water-insoluble products and metal complexes to be compatible with aqueous
solutions.® After the reaction, minimal amounts of organic solvents are sufficient for product
extraction, and the surfactants remain in aqueous phase ready for re-use. Overall, switching to
micellar catalysis drastically reduces the E-factor of a reaction initially conducted in organic
media, up to a tenth of its original value.®” Conveniently, surfactants can be made from natural
precursors such as vitamin E, sebacic acid, succinic acid, which means surfactant leaching or

decomposition in H2O poses no major environmental concern.

Denis et al. showed that aqueous solutions of glycosidic amphiphiles such as sucrose were able
to increase regioselectivity of NaBHs-mediated reduction of ketones (Scheme 27).%8 On a.,B-
enones, chemoselectivity to 1,2-addition typically ranged between 50:50 and 80:20 in MeOH

solutions, while the addition of sucrose boosted selectivity up to 99:1.
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RZ O NaBH, R2 OH R2 0O
| sucrose
R1J\H\R4 > R1J\H\R4 + R1J\(U\R4
R3 H,O (0.2M), rt R3 R3
1,2 addition 1,4 addition
sucrose up to 99:1 selectivity
OH
HO hydrophobic portion
HO ydrop p

Scheme 27. Sucrose as amphiphilic species for NaBHjs selective reduction of a,-enones.

Akin to H2O-based examples, surfactants have been applied for great effect on metal-catalyzed
asymmetric ketone transfer hydrogenation. The Deng group functionalized TsDPEN ligand
with -SO3zNa hydrophobic groups, showing that with [RuCl2(p-cymene)]2 and sodium dodecyl
sulfate (SDS) surfactant, aromatic ketones could be reduced in 80-94% ee in H,0.%° Ahlford et
al. showed that the TSDPEN could be directly functionalized with an hydrophobic
dodecylbenzenesulfonylated tail (Scheme 28).1% In conjunction with [Cp*RhCl;]2 the system
proved successful for aromatic ketones (76-86% ee) and aliphatic ketones although less
efficiently (40% ee in average). Upon functionalization of the diphenyl ligand with an
hydrophilic group (-NMe>"), the Deng group improved the ee’s (72-94%, aliphatic included)
compared to the previous system.%! Lower temperature (-5 °C instead of room temperature)

and longer reaction times (36-48h instead of 17h) were required to achieve full conversion.

catalyst (0.5-1 mol%) catalyst: R@ R
0o surfactant OH %
R)K HCO,Na R)\ o M=Ru, Rh
H,O/DCM, 17-48 h, 5-25°C s\v”\ _NH, X=H,CI
H2n+1Ch o M R =H, NMe3* SO3Na
X Cp* n=12, 16
surfactant:
14 NMe3™ Br 10 SO3Na
CTAB SDS

Scheme 28. Asymmetric transfer hydrogenation of carbonyls in water, using SDS-
functionalized ligands.

By adding cetrimonium bromide (CTAB) as a surfactant and functionalizing the TsDPEN
ligand with -SO3zNa hydrophilic groups, the same authors reduced the reaction time to 1 h while
maintaining 85-97% ee’s. Furthermore, the catalyst proved to be recyclable for at least 21
times. 1%
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Water-soluble catalysts. Water-soluble homogeneous metal complexes are accessed by
tuning of their ligands functionality. Indeed, hydrophilic groups such as -SOs’, -CO2’, -NR3"
can be easily grafted on aromatic rings present on most phosphine ligands.!® These ionic
functionalities can remain in their ionic form over a broad range of pH, and they do not bind to
transition metals, thus avoiding the interferences with the catalytic activity. Thus, such catalysts
allow an easy product separation while still keeping a high activity and tunability.'% A typical
example is the sulfonation of triphenylphosphine ligand, using oleum, yielding a water-soluble
ligand (TPPTS) after treatment with NaOH (Scheme 29).

SO5Na

1-S03 (20%)/H,S0,
P 40°C,24 h Q\
NaO3S P
2-NaOH
TPPTS

Scheme 29. A typical sulfonation of triphenyl phosphine.

SO3Na

The Ruhrchemie/Rhéne-Poulenc process for propene hydroformylation constitutes the first
successful commercial application of a water-soluble catalyst.’% Using a 50-fold excess of
TPPTS ligand, a water-soluble and recyclable Rh-based catalyst was developed for propene
hydroformylation into butanal (Scheme 30). A plant was built in 1984 at Hoechst AG in
Oberhausen (Germany) using this process, reaching an annual production of up to 500 000 tons

of butyraldehyde.

Rh-TPPTS

H,/CO S
MO + \(\O
H,0

96% selectivity

/

Scheme 30. Ruhrchemie/Rhone-Poulenc process for propene hydroformylation.
With the support of Rhéne-Poulenc, Fache et al. performed early studies on the Ru-TPPTS
system for aldehyde hydrogenation in water (Scheme 31).1% Starting from RuXY(TPPTS);
complexes (X,Y = Cl, H, OAc), the addition of 10 mol% Nal under 50 bar H> leads to the
generation of RuHI(TPPTS)3, that was active for propionaldehyde reduction (with a 5-fold

increase of the turnover frequency).
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RuXY(TPPTS); (1 equiv.)

(XY = CI, H, OAc)
g - "on

H,0, 100°C, 50 bar H,

TOF <360 h™'
with 10 mol% Nal:
TOF = 2000 h™

Scheme 31. Ru-TPPTS system for propionaldehyde hydrogenation in H20.

At the same time, Bényei et al. used RuCIlz(TPPMS)2 (m-sulfophenyl diphenylphosphine) for
aldehyde transfer hydrogenation in H,O (Scheme 32).19” The catalyst was stable to air
conditions, and active for benzaldehyde derivative reduction, with the exception of ortho-

substituted substrates.

RuCly(TPPTS), (1 mol%)

TPPTS (10 mol%) @\ /@\
jj)\ HCO,Na (15 equiv.) )O\H =) SO3Na
R™ "H H,0, 80 °C, 1.5-8 h R™ H TPPTS

93-100% conversion
(13 examples)

Scheme 32. Ru-TPPMS system for aldehyde transfer hydrogenation in H2O using sodium
formate.

Later on, the same authors showed that the Ru-TPPMS system was pH-sensitive, provided that
an excess of ligand was present.’%® At lower pH (<5), [HRUCI(TPPMS)3] was predominant,
while at higher pH (>9) [H2Ru(TPPMS)4] was found to prevail. Interestingly, the catalyst had
opposite selectivity on cinnamaldehyde hydrogenation, as the former was selective to C=C
hydrogenation and the latter selective to C=0 hydrogenation (Scheme 33). Adding a NaHCO3
basic promoter (20-50 mol% to Ru) could even double the cinnamaldehyde conversion to
cinnamyl alcohol 1% The authors tested the system on alkynes as well, showing that the catalyst
performed semi-hydrogenation at pH<3, and full hydrogenation at pH>9.1 A similar pH-
controlled complex was designed by Makihara, this time based on a [Cp*Ir'"'(H20)s]?*

complex.tt

Ph" N0 Ph 0N

b/

KOH
[HRUCI(TPPMS)3] [HoRu(TPPMS),4]
pH<5 HCI pH>9
Ha

Scheme 33. pH-controlled selective hydrogenation using Ru-TPPTMS.
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With these early examples, no recyclability study was performed despite being the greatest
asset of hydrophilic complexes. In the second report though, sodium formate allowed milder
reduction conditions due to its higher water solubility (14 M) compared to that of H> gas
(0.8.10°M). Darensbourg et al. showed that Rh-1,3,5-triaza-7-phosphaadamantane (TPA) was
a suitable hydrosoluble complex as well for the same reaction, with the added benefit of being
recyclable without requiring an excess of ligand.*?*3 The authors could not exclude an
heterogeneous mechanism for the reaction, as adding surface poisons such as Hg(0) and cyclo-
octatetraene showed only partial poisoning.''*

Grosselin et al. from Rhone-Poulenc company furthered the field by exploring Ru and Rh-
catalyzed selective hydrogenation of a,B-unsaturated aldehydes in H2O (Scheme 34).1'° The
metals respectively enhanced selective C=0 and C=C hydrogenation, with both catalysts easily
separable from the product and re-used three times. The authors used a 5-fold excess of TPPTS
ligand to enable a proper metal recyclability.
Ru-TPPTS, H, OH
S Eat
R™" 'H Rh-TPPTS, H, o)
R/\)J\H

Scheme 34. Tunable hydrogenation selectivity using M-TPPTS systems.

Since 2014, H>O has seen many applications in metal-catalyzed ketone asymmetric transfer
hydrogenation (ATH) as reviewed by Wu et al.*'® Through the use of HCO2Na as a traceless,
hydrosoluble and cheap reductant, H.O allowed the asymmetric reduction of a variety of
prochiral ketones (Scheme 35). Up to 97% ee at 97% conversion could be afforded with
[Cp*RhCI2]2 and N-tosylated diphenylethylenediamine ligand (TSDPEN) for acetophenone
reduction at room temperature.*'’ For recyclability purposes, the ligand could be switched to a
bpy-containing covalent triazine framework (CTF) support, at the cost of loss of chirality.!®

[ML*] (1-2 mol%)
M = Rh, Ru, Ir OH

Ar)K HCO,Na/HCO,H  Ar ,
H,O, 0.5-24 h, rt HN  NHTs

E = NH,, SO3Na
Scheme 35. Asymmetric transfer hydrogenation of carbonyls in water.

More recent developments were applied to LA hydrogenation, as shown by Delhomme et al.

and Moustani et al 119120
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RuCl;/BPhDS (0.042 mol%)
e} H, (80 bar) o)
PPN - o
CO,H H,0, 1 h, 140 °C
98.4% yield
(recyclable 1 time)

Scheme 36. LA hydrogenation by hydrosoluble Ru complexes.

1.4.3 Supercritical carbon dioxide

Supercritical fluids are substances at temperature and pressure above their critical point,
where distinct liquid and gas phases no longer exist. The critical point of CO> is fairly mild
(304K, 73.8 atm), and because of this, supercritical CO (sCOz) has been successfully used as
a solvent substitute in organic reactions.!?! It has seen great applications in carbonyl reduction
due to the innocuous nature and non-flammability of CO., the ease of post-synthesis removal,
and notably the high miscibility of Hz in sCOz. Indeed at ambient temperature and atmospheric
pressure, the molar solubility of H, in various solvents is as following: 0.8.10° M in H,0,
1.95x10* M in EtOH, 2.64 x10* M in acetone,'?> whereas H is completely miscible with
sCO, greatly limiting mass transfer issues compared to liquid phase.'?® For instance, the
concentration of Hz in a supercritical mixture of Hz (85 bar) and CO> (120 bar) at 50 °C is 3.2

M, while the concentration of Hz in THF under the same pressure is 0.4 M2

The first examples of sCO. being used as a reaction medium were transpositions of the
asymmetric hydrogenation of alkenes, using homogeneous chiral metal complexes by Burk et
al. (Scheme 37).1% At full conversion, enantiomeric excesses were similar or superior to the
hexane or MeOH-based processes (up to 20% ee gain). In the case of heterogeneous Pt@Al>0s-
catalyzed ethyl pyruvate hydrogenation though, Minder et al. showed that sCO> deactivated
the catalyst. 12 Deactivation stemmed from the reduction of the CO2 onto the catalyst surface

into CO which is a known poison for metallic surfaces.

(R,R)-Et-DuPHOS-Rh EtQEt:
R/\/COZMe Hy (17 bar) R\ CO2Me ;

> z P P
NHAc sCO, (345 bar total) NHACc
40 °C, 24 h 85-99% ee Et Et

(6 examples) DUPHOS

Scheme 37. Early examples of asymmetric hydrogenations in sCOx.

In the case of a,B-unsaturated carbonyls hydrogenation, the Arai group successfully exploited
sCO> as a medium for selective C=0/C=C using catalyst (Scheme 38).
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Scheme 38. a,B-unsaturated carbonyl hydrogenation pathways.

They first reported the unpromoted Pt@AI.Os3 for selective C=0O hydrogenation (Scheme
39).124 Although conversions reported were lower than 80%, selectivity to the unsaturated
alcohol was higher (71-92%) than in EtOH-based conditions (45-79%). The dielectric constant
of COz increases with pressure, making sCO- a polar solvent, which is the reason proposed by
the authors for the selectivity increase.?” The same group reported Pt@SiO: for the same
process, although with inferior selectivity and activity.*?® As for Pd/C as a catalyst, they noticed

reverse selectivity towards C=C bond hydrogenation.'?°

RMO H, (40 bar) _ RMO + R/\/\OH
sCO, (180 bar total) )
50 °C. 2 h 40-80% conversion

71-92% selectivity
(3 examples)

Scheme 39. Selective o,p-unsaturated carbonyls hydrogenations in sCO..

The Arai group explored homogeneous metal complexes as well for cinnamaldehyde
hydrogenation in sCO>. Typically, fluorinated ligands are known to provide a better solubility
in sCOzthan classical phosphines.*® Using a fluorinated 1,2-bis(diphenylphosphino)ethane (F-
dppe) ligand, selectivity was low towards C=0O hydrogenation (31%), although with a
significantly higher turnover in sCO2 (690) than in classical solvents (320 in iPrOH).'3! By
switching to bis(pentafluorophenyl)phenylphosphine, an almost full selectivity towards
cinnamy! alcohol (98%) was observed (Scheme 40).2%2 Under these conditions (160 bar CO2/40
bar Hz, 50 °C) an important amount of H2/COz-expanded cinnamaldehyde liquid layer was
observed rather than having a purely supercritical CO2 phase. This helped concentrating the
cinnamaldehyde, which has been shown to be beneficial in maintaining high selectivity for

C=0 reduction.'* 133
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. ) eI . | ligand
Ru/ligands (0.04-0.7 mol %) 'Ph/\/\OH: P(CeFs) 26% conversion
PPN H, (40 bar) PhT T OH Tl (CeFs)PT 2 g v
Ph Xo PhMo 6"'5)2 31% selectivity
SCOQ (180;200 bar total) Ph/\/\OH CGF5\P/C6F5 54% conversion
50°C,2h IIDh 98% selectivity

Scheme 40. Selective cinnamaldehyde hydrogenation in sCO- using homogeneous
complexes.

Finally, the authors explored citral as a model substrate, using M/PPhsz catalysts (M = Ru, Pd,
Rh, Ni) (Scheme 41).1** Using Ru, the major product was the C=0 reduction product (65%
selectivity), while with Pd they obtained the selective reduction of the neighbouring C=C bond
(75% selectivity).

M(PPh3); (1 mol %)

NN H, (50 bar) X SoH X0
+
| citral sCO; (180 bar total) | geraniol/nerol | citronellal
65°C,2h
M = Ru M = Pd

95% conversion 100% conversion
65% selectivity 75% selectivity

Scheme 41. Selective citral hydrogenation in sCO> using homogeneous complexes.

Chatterjee et al. explored the heterogeneous route for citral hydrogenation in sCO2, employing
bimetallic Pt-Ru NPs supported on a mesoporous silica support (Pt-Ru@MCM-48). In similar
conditions than previously, monometallic Pt@MCM-48 was highly selective to C=0 reduction
(89% selectivity), while the bimetallic catalyst afforded a higher selectivity to C=C bond
(67%).135

Li et al. exploited sCO- as a medium for Zn/H,O-mediated reduction of aldehydes.!3® While
former reports of the Zn/H2O reducing system involved either Pd'3’ or toxic SbCls salts,'® the
simple decrease of pH (<5) of H20 in presence of sCO was sufficient to induce H2O splitting

and carbonyl reduction (Scheme 42).

Zn dust (1.25 equiv.)

o H,0 (2.5 equiv.) OH
I I +2nco,
R H sCO, (80 bar total) R H
65°C, 6-24h

68-100% yield
(6 examples)

Scheme 42. H>O/Zn as a reducing agent for carbonyls in sCO..
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To conclude this section, the choice of a solvent is a key choice in the waste emission of a
reaction. As much as the best solvent is ‘no solvent’, sometimes their use is unavoidable due
to heat dispersion or mixing issue. Solvents must be chosen carefully, to positively affect not
only the reaction rate but also selectivity, a major factor in C=0 reduction. Alcohols, typically
glycerol and iPrOH, have not been tackled in this section due to their reducing ability, and will

be reviewed in section 1.6.1.

1.5 Catalysts

The principle of catalysis implies that catalysts do not get consumed at the end of a
reaction, but rather remain active to engage into further reactive cycles. Practically though,
they may by ‘lost’ in the sense that their separation from the product and reuse may be difficult
and not cost effective. Not only it is problematic from an economical perspective, it causes
toxicity issues in the final product, especially for most PGMs. Methods to allow low loadings
of PGM have been described earlier in this chapter (see section 1.4.2). In industrial production
of fine and bulk chemicals, heterogeneous catalysts are preferred due to their easy recyclability,
although it comes with a lower activity and selectivity compared to homogeneous complexes.
In high-added value synthesis such as pharmaceutical compounds, the use of homogeneous
catalysts remains essential. Nonetheless, efforts towards diminishing metal loading or shifting
to base metals are on the rise.'* From these constraints, the following challenges should be
addressed from both sides of catalysis:

-Improve post-reaction separation and recyclability. This is also possible on homogeneous
catalysts, for example by using hydrosoluble complexes,* or IL-soluble complexes. 4

-Further investigate base metal catalysis. Indeed, base metals such as Co, Cu, Fe, Ni and Mn

are more abundant than most PGMs but have remained comparatively underdeveloped.41-142

-Maintain a high level of activity and selectivity. In the context of carbonyl reduction, this
means that investigation on C=0/C=C selectivity, low Hz pressure and/or mild reductants

should be further pursued.'*®

1.5.1 Base-metal catalysts

Iron. The Knolker complex is the direct analogue of the famed Shvo complex, by replacing
the Ru center with Fe (Scheme 43). In both cases, the hydroxycyclopentadienyl ligand plays a
key role, as it assists the metal center for heterolytic splitting of H2.1* Indeed, the ligand is in

equilibrium with the n*-cyclopentadienone form (right hand side of Scheme 43) that has a basic
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character, thus binding H*. The Fe center can then bind a H™ species, enabling the
hydrogenation of polar C=X bonds (X = O, N).

TMS TMS
% w ﬁ OH He o
Ph Ph TMS Fe TMS
. —H—0ruq H oc“'{ ™o
C\ | “"co ocC
OC CO
Shvo complex Knolker complex

Scheme 43. Shvo and Knolker complexes.
The metal complex synthesis proceeds through a convenient [2+2+1] cyclization between
Fe(CO)s and the corresponding diyne or alkynes (Scheme 44).1% Then, by sequential treatment
with NaOH then HsPO, the complex is transformed in its reducing form.}*® For alcohol
oxidation purposes, MesNO can be used to simply remove a CO substituent, making an
hydrogen-accepting complex.4’

TMS
1-NaOH

/"”\\ /' 2-H3POy4 ‘ TMS
:\ /: [2+2+1] l" OC\\I H
. S o

Fe(CO)s + |‘| |‘| i ™S
TMS TMS oc / o \MeNO_ E}

TMS
OC“ \u
OC

Scheme 44. Knolker complex preparation.

Naturally, this polar complex was found to be particularly effective for carbonyl
hydrogenation, as shown first by Casey and Guan.!*® In this seminal report, the authors
managed to reduce a whole range of 16 carbonyls at room temperature and 3 bar H> (Scheme
45). It was active as well for transfer hydrogenation using iPrOH, and for both cases it was
chemoselective against epoxides, esters, and alkynes. However in the case of a,B-unsaturated

carbonyls 50% of C=C hydrogenation was observed as well.

[Fe] (2 mol%) TMS
o) H,(3bar) OH OH
R)J\R‘ Toluen_e R’ ‘Fle TMS
25°C, 10min-68h 0Cc"'{ “H
50-91% yield oC [Fe]

(16 examples)

Scheme 45. Knolker complex for carbonyl hydrogenation.
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Fleischer et al. solved the chemoselectivity problem by using the non-activated form of the
complex, which proved to be simpler to handle since it is stable to air and H2O (Scheme 46).14°
In order to activate it, minute amounts of K.COs were able to induce the selective C=0
reduction of a,B-unsaturated aldehydes in low metal loadings (<1 mol%). Although harsher
conditions were required (30 bar Hz, 100 °C), even sterically hindered aliphatic ketones such

as 4-heptanone gave high yields (76-98% yield).

[Fe] (0.01-1 mol%)

in situ activation

TMS

j\ K,CO5 (0.5-5 mol%) j)\H 76-98% yield TMS
o o g @2eames) | (TS50 o, =4
o) ; - OH —23,
iPrOH/H,0 80-99% yield \\.Fe\TMS H20 " e\TM
R™™ H 100°C, 17h R™™ H (8 examples) | OC' { “cO OCOC/ H
& R [Fel

Scheme 46. In situ activation of Knélker complex for chemoselective hydrogenation of
carbonyls.

In parallel to the Knolker complex, PNNP pincer ligands have seen a synchronous
development, fostered by the Morris group.t®® Exploring a tetradentate diiminodiphosphine
scaffold, they released the first example of Fe-catalyzed transfer hydrogenation of prochiral
ketones,'® quickly followed by an improved complex with a less constrained PNNP ligand
scaffold (Scheme 47).1 Their complexes were both inactive for H, activation, although
showing high activity for transfer hydrogenation over a large range of ketones (up to 4900 ht

TOF for 2-aceto-naphthone).

[Fe] (0.5 mol%)
o) tBuOK (4 mol%) R OH
M P 7

\ iPrOH \ =N, | N=
RO R 5pc0436n R "Fe.
P” | P
86-99% conversion Ph, | Ph,
18-76% ee (S) B L i
(13 examples) [Fe]
_ _ L=CO,tBuNC
Ph Ph S = MeCN
[Fe] (0.005-0.2 mol%)
O (BuOK (0.4-1.6 mol%) OH S
- N, | N
. iPrOH P (/ “Fe. \:\ (BF4),
ROR 22c 01340 R R P | R
41-96% conversion 2 ¢co 2
14-94% ee L [Fe] _
(13 examples)

Scheme 47. PNNP-Fe-catalyzed asymmetric transfer hydrogenation of prochiral ketones.
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The mechanism of the reaction remained unclear for the first report, as the authors were not
able to isolate an amine intermediate. It was hypothesized that such an intermediate would be
generated from the heterolytic splitting of H> over a Fe-N bond, resulting in the reduction of
the imine C=N bond, similar to what could be expected from the Ru analogues.>®

Four years later they identified the formation of Fe(0) NPs during the reaction, surface-
functionalized with the PNNP pincer ligands.** This mechanism offers an explanation for the
induction period observed experimentally. Using 10% of PMes as a surface poison was enough
to shut down the reaction, proving both a heterogeneous mechanism and suggesting that 10%
of the total Fe amount was present on the surface of the NPs. By scanning transmission electron
microscopy (STEM) analysis of the dried solution after reaction, they observed clusters of Fe
NPs (4.5 £ 1.2 nm), further confirmed by energy dispersive X-ray spectroscopy (EDX). Finally,
they made a polymer-bound substrate, by covalently grafting benzaldehyde on a Wang resin.
They carefully tuned the pore size so that the Fe NPs could not pass through, showing indeed

a shutting down of the reaction (Scheme 48).

o [Fe] OH =M | N ey, | ANl oNs
e
iPrOH/THF PN p” | p 2 /: LN :\
REH ooec, 24n RO H B | B P” | 7P
, 2co 2 Ph, co Ph,

R = Ph: full conversion

@Qj@j

no reaction

R =
no Fe NP formation

Wang resin

Scheme 48. Mechanistic investigation on Fe-PNNP-catalyzed carbonyl transfer
hydrogenation.

Based on these characterization techniques, the Morris group eventually showed that the less
constrained scaffold used in their second report did not form Fe NPs.™ In contrast, Kelsen et
al. showed the decomposition of (Fe(N[Si(CH3)s]2)2)> could yield small Fe NPs as well, but

gave negligible activity towards C=0 hydrogenation compared to C=C reduction.®

Weber et al. used a hydrophobic polar IL/n-heptane system as a reaction medium for their
N,N,N tri-coordinating pincer Fe catalyst.®’ In their design, the catalyst is dissolved in the IL

phase, while the products remain in heptane, allowing easy separation (Scheme 49). Their
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catalyst proved to be recyclable twice, with a severe yield drop (50% of its original value) upon

the third cycle.

[Fe] (0.5 mol%)

DBU (5 mol%) [Fe] | A IL
0 10 bar H, OH ~ N GaHe
R” "H IL/n-heptane R™ "H (iPr),P—Fe—P(iPr);  C,Hy CH3
25°C, 60 min  51.939 yield H o

(16 examples)

Scheme 49. IL/n-heptane biphasic solution for Fe-catalyzed aldehyde hydrogenation.

Copper. Adkins and Connor reported in 1931 a copper chromite hydrogenation catalyst, that
later on will be named after Adkins (Scheme 50).1%8 By heating Cu(OH)NH4CrO4 using a
Bunsen burner, they obtained Cu.Cr.0s, a catalyst active for hydrogenation of various
unsaturated compounds (-NO2, C=0 (esters and carbonyls), C=N, C=C). In most cases, they
observed the quantitative conversion of the substrate (0.11-2.2 equiv. of Cu, >100 bar Hz, >150
°C) into the corresponding alcohols with some substrates reacting instantly and exhibiting an
exothermic profile (with up to a 15 °C over heating). A few different synthesis methods have
been reported around the same time by other authors, all based on the decomposition of
Cu(OH)NH4CrO4. Adkins identified that heating of the precursor must be kept under 400 °C
to ensure high catalytic activity. The material acted as a ‘hydrogen sponge’, adsorbing up to

150 mL of Hx per gram of catalyst after exposure to 250 bar H> at 100 °C, making it

pyrophoric.t*®
CUCf205
(0.11-2.15 equiv. Cu)
0 H, (100-150 bar) OH
R™ "R’ 150-175 °C R” R’

0-11.5h  70-100% yield
(11 examples)

Scheme 50. Former report of Adkins catalyst.

Cu2Cr20s has a poor selectivity towards C=0 hydrogenation o,B-unsaturated carbonyls, as
shown by Hubaut et al.*6%16! The C=C hydrogenation product is first formed, followed by
isomerization into the allylic alcohols, resulting in a formal 1,4-addition overall (Scheme 51).
In contrast, its selectivity towards monohydrogenation of dienes was excellent, as only the least
sterically hindered alkene gets reduced. Jenck et al. showed that when the C=0 and the C=C

are not conjugated though, C=0 hydrogenation was predominant.'6
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Scheme 51. Hydrogenation selectivity trends with CuzCr20s.
Huang et al. supported Adkins catalyst on TiOz, via sonication of K.Cr,O7 and CuAc: in the
presence of Ti(iPr0)..1% Upon calcination at 500 °C for 3h, they obtained an active catalyst
for furfural hydrogenation at 140 °C. Comparatively, unsupported Adkins catalysts were
inactive at the same temperature (Scheme 52).

CUZCrzos@TiOZ
Hy, 140°C

(@) o) (@)
/ -~
W )~
89% conversion
88% selectivity

Scheme 52. Adkins catalyst supported on TiO> for furfural hydrogenation.

Gutiérrez et al. prepared Cu NPs by reducing CuCl, with Li salt and 4,4-di-tert butylbiphenyl
in THF.X® The naked Cu NPs had a high selectivity towards C=0 hydrogenation on
cinnamaldehyde (87% at 90% conversion). Upon supporting the Cu NPs on CeO3, they attained

a 72% selectivity (at 30% conversion) on crotonaldehyde C=0 hydrogenation.

A few homogeneous Cu complexes have been developed as well. Stryker and co-workers
reported a phenyldimethylphosphine-stabilized copper(l) hydride complex, that could be either
pre-synthesized or made in situ for carbonyl hydrogenation. Interestingly in the case of a,f3-
unsaturated carbonyls, the selectivity could be tuned through the ligand (Scheme 53).16° With
no ligand, C=C reduction got predominant (91% selectivity) while PhPMe; enhanced C=0
reduction (92% selectivity). When PhsP was used, both bonds were reduced (92% selectivity).

[(PPh3)CuH]g (0.83-2.7 mol%)
R3P (6-12 equiv/Cu)

89-95% conversion

> + +
Ph/\)l\ rt, 10-24 h Ph/\/u\ Ph/\)\ Ph/\/l\
no PR3 PhsP PhPMe,
91% selectivity 92% selectivity 92% selectivity

Scheme 53. Tunable hydrogenation selectivity of [(PhsP)CuH]e.
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The authors further proved the high selectivity of their catalytic system against C=C bonds, as
well as its stereospecificity on decalin and steroidal derivatives (Scheme 54).168
[(PPh3)CuH]g (0.83 mol%)

PhPMe, (8 equiv/Cu)
H, (1 bar)

(@) tBUOH/CGHe HO

t, 24-48 h
™ 82-100% yield

71-95% selectivity
(6 examples)

Scheme 54. Stereospecificity of [(PhsP)CuH]e.

Cu can be functionalized using chiral ligands for prochiral ketone selective reduction using
silanes or Hy, as shown respectively by Sirol and Shimizu.'%”-1%In the former example, the
catalyst was made in situ from CuF. and (S)-BINAP, and the presence of air proved to
beneficial to its activity as it allowed using 1 mol% instead of 4 mol% catalyst for full
conversion. Notably, their most active silane was PhSiH3, but PMHS or Me(OEt),SiH were

also suitable reductants, although much slower, with up to 6 times longer reactions.

CUF,/(S)-BINAP (1 mol%) [Cu(NO3)(P(3,5-xyly)s),] (0.2 mol%)
PhSiH5 (1.2 equiv.) (S,S)-BDPP (0.2 mol%)

H, (50 bar)
0 CuL*, [H] o OO
)J\ ' )J\ ' PPh, 79-100% yield PPh, PPh, 92-98% yield

up to 86% ee up to 91% ee

OO PPha (14 examples) /\/'\ (8 examples)

Scheme 55. Chiral reduction of carbonyls catalyzed by Cu complexes.

Cobalt. The earliest example of carbonyl hydrogenation involving Co was reported by
Kazuhiko et al. in 1969.1%° By impregnating Fe as a promoter on a Raney Co (up to 0.5 mmol/g
Co), the authors observed up to 90% hydrogenation selectivity towards the C=0 reduction of
2-methyl-pentanal (Scheme 56). Upon absorbing on a metal surface, a promoter acts as a
surface poison and thus affects a catalyst’s selectivity. In C=O hydrogenation, generally the
promoter is an electron-poor metal that can enhance C=0 adsorption through a metal-oxygen
interaction. Later on the authors tested other metal chlorides (Co, Mn, Ni and Pd) as promoters,
showing that NiCl> was able to both slow down C=C reduction and accelerate C=0 reduction

rate.170
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Raney Co
FeCl, (0.19 mmol/g Co)
H, (1 bar)
/\)\/O ~ /\)\/OH
FNF iPrOH, rt, 150 min =

2.6 mmol/g Co

Scheme 56. Raney Co-catalyzed hydrogenation of 2-methyl-pentanal.

In contrast, Goetz et al. noted that HCo(CO)4 complexes had a higher selectivity towards C=C
reduction.’® Nitta et al. explored more chlorides promoters (Cr, Cu and Ru) as well as acetates
(Cd, Zn, Co) deposited on cobalt boride catalysts (Co-B), this time showing that CrClz enabled
a 90% selectivity for cinnamaldehyde C=0 hydrogenation.'’?> Chen al. furthered studied Co-B
and Ni-B as hydrogenation catalysts, prepared by the reduction of Co(OAc)2 or Ni(OAc). with
NaBH, in H20 (Scheme 57).1® Co-B and Ni-B had a complementary selectivity towards
cinnamaldehyde reduction, with the former reducing C=0 bonds (97% selectivity) and the
latter selectively reducing C=C bonds (75% selectivity). The authors explored the addition of
various atomic promoters adsorbed on the catalyst surface, showing that Th was able to
increase both selectivity to C=0 hydrogenation and activity (up to 90% selectivity at 90%

conversion).t’4

M-B (5 mol%)

©/MO H, (8 bar) ©/\/\OH . ©/\AO
EtOH

120°C, 90 mins

Co-B Ni-B
73% conversion 80% conversion
97% selectivity 75% selectivity

Scheme 57. Complementary selectivity for cinnamaldehyde hydrogenation.
In the 2010s the Hanson group explored homogeneous Co complexes for olefin and carbonyl
hydrogenation in a series of three reports. They first showed that Co(ll)-bis[2-
(dicyclohexylphosphino)ethyllamine (PNHP®Y) were able to reduce olefins and carbonyls in
mild conditions (<4 atm H, <60 °C, Scheme 58).1"® Although the catalyst could not
discriminate against C=C bonds, the system was tolerant to caroboxylates and minute amounts
of H2O (10 mol%). Finally, they showed that their catalyst was competent for transfer

hydrogenation in iPrOH as well.*"®
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Co-PNHP®Y (2 mol%)

o) H, (1-4 bar) OH
)J\ [} THF R)\R' B H 7] BF4
25-60°C, 24-72h !

84-100% vyield h N

I
(12 examples) Cy,P—Co—PCy,
I

Co-PNHP®Y (2 mol%) CH,SiMe;
(o) H, (1-4 bar) OH
PR 'P2 OHTHF " CoPNHPE -
' iPr .
R* R 25-80°C, 24h R* R

94-98% yield
(12 examples)

Scheme 58. Co-PNHP® ligand pincer — former reports by Hanson group.
The authors conducted further scrutiny of the reaction mechanism, showing a ligand-metal
cooperation for H activation. Indeed, by substituting the N-H bond with a N-Me bond (Co-
PNMeP®), acetophenone hydrogenation was totally suppressed (Scheme 59).177

B |7| IBF4 [ 'Yle 1 BF4
catalyst (2 mol%) 'Tj ’Tj
0 H, (1 bar) OH Csz—Clo—PCyz Cy2P—C|o—PCy2
Ph)LH THF Ph)\H CH,SiMe; CH,SiMe;
60°C, 24h
~  Co-PNHP®Y - -~ Co-PNMeP® -
98% yield No reaction

Scheme 59. Co-PNHP® and Co-PNMeP® — mechanistic studies.

Manganese. Homogeneous Mn has seen tremendous developments in the last two years, since
a breakthrough by Beller and co-workers in 2016.1"® Using an air-stable PNP pincer ligand
complex (Scheme 60), they managed to reduce a range of nitriles and carbonyls in high yields
(92-99% vyield for carbonyls). Interestingly, citral was reduced selectively at the carbonyl
position (69% isolated yield). The authors tested 5-HMF hydrogenation was well, though the

reduction product decomposed during isolation (26% loss, 64% isolated yield).

[Mn] (1 mol%) Br
tBuONa (3 mol%) N/_i\PR
0 H, (10-30 bar) oH [ Zwmny 2
L ENPN P | TcO
Toluene

R” "R R> co

92-99% yleld [Mn] (R = iPr, Cy)
(17 examples)

R R 60-120°C, 24h

Scheme 60. Mn-PNP ligand pincer — former report by Beller group.

Due to the abundance of Mn (the third most abundant transition metal in the Earth’s crust after

Fe and Ti), their report triggered a tremendous development of Mn-catalyzed hydrogenation
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soon after.1”® Furthermore, Mn contamination limit in pharmaceutical compounds is 250 ppm
compared to 10 ppm for Ru. Within the next two years (2016-2018), ten reports were published
on that subject. The Kempe group used a triazine-based PNP pincer ligand, affording milder
conditions than in Beller’s report (20 bar Hz, 80 °C).8 Kirchner and co-workers opted for an
aminopyridine-based pincer, alleviating the need of a base and allowing room temperature
conditions at low loadings (0.05-0.1 mol%), although at 50 bar H2.*®! Lastly, Sortais used a
bidentate PN ligand, with KHMDS as an activator (Scheme 61).182

A

1
Kempe)Nl\ =N chhnejfj\ Sortais

/

@) [Mn], H, OH Hl}j 'Tl Br ' (Q\l” 7 C

R R Toluene R~ “R'| (PP Y (iPr)2 (’Pr) |

oc co OC CO th CO

0.1-1 mol% 0.05-0.1 mol% 0.5-1 mol

tBuOK no base KHMDS

20 bar H,, 80°C 50 bar Ho, rt 50 bar H,, 50-80°C

Scheme 61. Variants of the Mn-PNP system for carbonyl hydrogenation.

It appeared that no phosphine was required in Mn-catalyzed transfer hydrogenation of ketones
using iPrOH examples were reported (Scheme 62). Yet, the introduction of phosphine moieties
within a ligand design greatly increases its price, superseding the price tag of the metal itself.
This calls for the design of simpler, phosphine-free ligands. Beller and co-workers transposed
their system to a N,N,N pincer ligand, using tBuOK as an activator.!® The Sortais group
reported an aminopyridine bidentate ligand, exhibiting an extremely high activity (2000 TON,
3600 h* TOF).!84 Then, the Leitner group reported an aminotriazole ligand for Mn, that was
made by click cyclization.!8

Beller Sortais Leitner

o Mnl, b o N— @ (Q\ln «C Ph%N\/ Brtle
n], base -
, oc’ {pco oc™ L,°0
R R' iPrOH R R'
1 mol%, tBuOK 0.5 mol%, tBuOK 3 mol%, tBuOK/NaOH
70°C, 24h 80°C, 20min 80°C, 20h
84-99% vyield 13-99% yield 6-90% vyield
(23 examples) (35 examples) (29 examples)

Scheme 62. Phosphine-free, Mn-catalyzed transfer hydrogenation.

Chiral variants were also developed by diverse research groups (Scheme 63). The Clarke group

reported a ferrocene-containing chiral PNN ligand, applied with great success to prochiral
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ketones in EtOH.'% Their catalyst was further explored for ester hydrogenation to primary
alcohols. Beller et al. modified their previous complex (see Scheme 60) by functionalizing the
phosphines groups with (2R,5R)-2,5-dimethylphospholane cycles.®” Notably, their catalyst
proved to be more enantioselective on aliphatic ketones (30-84% ee) than on aromatic ones (1-
80%).

Clarke @ Beller
-~ Br -
N « Br 7
N, 1,.CO HOOPR, P
0 [MnJ*, BBUOK  OH ~ B {o° P” | ™CO
L, TEonormaa K @F‘e i Re" €O PR
' or .
R R R R Q 1 mol% 1 mol%
50 bar H,, 50°C, 16h 30 bar H,, 40-60°C, 4h
13-99% vyield, 20-99% ee  26-99% vyield, 1-84% ee
(26 examples) (18 examples)

Scheme 63. Chiral Mn-catalyzed hydrogenation of prochiral ketones.

Kirchner and co-workers reported a PNP neutral complex for asymmetric transfer
hydrogenation, although with lower enantioselectivity than previous examples (85% ee at
most).'®8 Finally, the Sortais group explored chiral diamine ligands, also suitable for the same

process (Scheme 64).18°

AN

Kirchner

\N Sortais NHMe
Br.., I \PPh; Ph
o [Mn]*, BuOK  OH . ~Mny Ph
)J\ PrOH ){ /\\fo igrz éo CcO Mn(CO)sBr NHMe
lluds R'

Rl
1 mol%, 25°C, 5-16h
37-96% yield, 20-85% ee
(13 examples)

1 mol%, 80°C, 3-24h
62-98% yield, 30-90% ee
(13 examples)

Scheme 64. Chiral Mn-catalyzed transfer hydrogenation of prochiral ketones.

These few examples published in only 2 years reveal the scientific excitement around Mn-
based complexes. With common features such as low metal loading (<1 mol%) and relatively
mild conditions (25-80 °C usually), Mn coupled with pincer ligands show a great potential in
ketone reduction. Additional developments such as phosphine removal, chirality and transfer

hydrogenation reports reinforce the relevance of this concept.

Nickel. Early mentions of Ni(ll) salts for carbonyl transfer hydrogenation were reported with
iPrOH by Le Page, Phukan, and lyer et al. In the first study, the authors used simple NiBr> salts

in NaOH/iPrOH and reduced a small scope of ketones in high yields (73-100% conversion), as
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well as oct-1-ene (quantitative reduction in 30 min).**® Phukan et al. used a macrocyclic ligand
to chelate Ni(ll), showing that HCO,H/HCO2NH, were suitable reducing agents as well for the
process.'®! Finally, lyer et al. used 2 equivalents of PPhs as ligands, showing additionally that
the catalyst was fully selective for cinnamaldehyde C=0 reduction.%2

0 Ni(ll), base OH
R)J\R’ iPrOH R)\R‘
/)
(N\H _N_ Phukan
lyer Le Page N/NI\ )
[NiClo(PPh3),](1.5 mol%)/NaOH NiBr; (0.4 mol%)/NaOH ~ j/ HN™ . .
iPrOH, 12-36h, 82°C iPrOH, 0.5-48h, 95°C M N
51-82% vyield 73-100% yield

(11 examples) (6 examples) NiBr;, (2 mol%)/KOH

iPrOH, 24-30h, 82°C
52-68% vyield
(11 examples)

Scheme 65. Early examples of Ni(ll)-catalyzed carbonyl transfer hydrogenation.

Contrary to Fe and Mn, Ni for carbonyl hydrogenation has then been massively investigated in
the form of nanocatalysts rather than homogeneous complexes (Scheme 66).1%® Upadhya et al.
made a Ni-doped zirconia (Zro.sNio.202), showing its potency on nitroarene reduction as well.1%
Mebane et al. showed that commercially available Raney Ni was competent for aliphatic
aldehyde reduction, with the addition of a drop of HCI to accelerate 3-fold the reaction.!%
Alonso et al. prepared Ni(0) NPs by reduction of Ni(ll) salts using Li in THF, with catalytic
amounts of 4,4'-di-tert-butylbiphenyl. They were successfully applied to carbonyl reduction,
with selectivity issues on benzylic substrates due to partial deoxygenation. Unlike the other
examples, the catalyst did not require a base and despite not being magnetic, was shown to be
recyclable 4 times without a yield drop.*® % Shimura et al. supported Ni on ceria (Ni@CeO>),
again under base-free conditions due to the basic sites on Ce02.1" Upon 5 successful reuse
cycles by centrifugation, the cumulated TON was 464, a value that is even superior to that of
previous Ni NPs (<10). Finally, Escande et al. prepared EcoNi(0) from the thermal
decomposition of a Ni hyperaccumulating plant, Psychotria gabriellae, found in New
Caledonia.’® The authors switched the typically used NaOH with Al.Os and although the
catalyst was not recyclable, it could be regenerated using an additional thermal treatment.
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Zro_gNiO'zoz/NaoH, Raney Nl/HCl,
0 Ni@SiO,/NaOH, EcoNi(0) OH

R)J\R' iPrOH ~ )\ '

Scheme 66. Ni NPs-catalyzed carbonyl transfer hydrogenation.

15.2 Magnetic catalysts

A convenient method to simplify catalyst separation is to use magnetically recoverable
NPs (MNPs).1%® A few different strategies exist around this concept: the MNPs can be used
directly as catalysts for carbonyl reduction, or they can serve as support for other catalysts.
This section is intertwined with the following section (see section 1.5.1) as the most commonly

used magnetic supports/catalysts are Fe, Ni, and Co (both metals and oxides).

Kantam et al. showed that CuFe2O4 MNPs can be functionalized with a chiral ligand such as
BINAP to serve for asymmetric reduction of carbonyls using PMHS.2® After magnetic
decantation, the catalyst could be re-cycled up to 4 times with no activity or enantioselectivity
drop (Scheme 67).

1 - PMHS (4 equiv.)

BINAP@CuFe,04 (4.3 mol% Cu)
0] Toluene, r.t., 8-32h OH

JC PN

R™ R 2-TBAF workup R R

32-85% yield
33-99% ee
reusable 4 times
(21 examples)

Scheme 67. BINAP-CuFe;04 for chiral reduction of ketones.

Baig et al. worked on Ru grafting on a magnetic support. In the former case, the authors coated
silica on a magnetite core, and grafted Ru NPs on the silica (Ru@SiO.@Fe304).* The catalyst
was active for carbonyl transfer hydrogenation in microwave, and easily recyclable up to 3

times (Scheme 68, top section).

KOH (20%), iPrOH (11 examples)

o 100°C, pW, 30-45min OH  reusable 4 times
R "R Ru@Fe (1.3 mol%) R™ "R 14-95% yield
KOH (15%), iPrOH (13 examples)

100°C, 24h reusable 5 times

Scheme 68. Ru@SiO.@Fez04 and Ru@Fe for carbonyl transfer hydrogenation.
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Hudson et al. adopted a similar approach, though by directly grafting Ru NPs on Fe(0) NPs by
galvanic reduction (Ru@Fe, Scheme 68, bottom section).?%! In convective heating conditions,
reaction times were significantly longer (24h instead of 45 min) although a lower loading was

required (1.3 mol% instead of 4 mol%).

Poly(ionic liquids) can be supported on Ni NPs, that were used as catalyst by Vijayakrishna et
al. for base-free and transfer reduction of carbonyls in iPrOH (Scheme 69).2% The PIL was
tuned to carry a basic hydroxide group, while still allowing recyclability of the catalyst (up to
4 times with a 20% drop). Presence of H2O in the reaction helped maintaining high activity due
to the regeneration of the PIL. Furthermore, the catalyst proved to be 100% selective for C=0

reduction of cinnamaldehyde.

o PIL@Ni (10 mol%) OH N

_ N
R™ R iPrOH/H,0 R™>R | HO @3
80°C, 24-48h 59-100% vyield >

(11 examples) PIL

reusable 4 times

Scheme 69. PIL@Ni for carbonyl transfer hydrogenation.
Finally, Dasgupta et al. supported Ni(0) species on a Fe3Os support, using 3-amino-4-
hydroxybenzoicacid as a linker (NI@AHBA@ Fes04).2% Their catalyst proved to be active for
carbonyl hydrogenation using glycerol as a solvent and reductant, and recyclable up to 7 times
(Scheme 70).

Ni@AHBA@Fe;0, (5 mol%) oH
j\ KOH (2 equiv.) )O\H NH,
R R’ glycerol R R' AHBA
rt, 3h 89-95% yield
(10 examples) [ HO™ ~O
reusable 7 times

Scheme 70. Ni@AHBA@ Fes04 for carbonyl transfer hydrogenation in glycerol.
15.3 Frustrated Lewis Pairs
Frustrated Lewis Pairs (FLPs) are a combination of Lewis acids and bases, in which
sterics are designed to hinder dative bond formation (Scheme 71).24-20° They are expected to
play a key role in metal-free hydrogenation processes in the future, since the first report by

Stephan and co-workers where a FLP was shown to be able to split H2.2% Furthermore, the
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heterolytic nature of the splitting should enhance their reactivity toward polar unsaturations

such as carbonyl functions.

Cer\ LA CGFS\B/CGFS
BriCgF tBu_ |
g Y. 66,:56 ° - \F"/ CeFs
P u
By ?BUX tBu

no LA-LB adduct formation

Scheme 71. Frustrated Lewis Pairs.
A major breakthrough in this field was made simultaneously by both the Stephan®’ and the
Ashley?® group, showing that B(CsFs)s (strong Lewis acid) could catalytically reduce
carbonyls, in conjunction with an ether solvent as a weak Lewis base. In the former report,
Et.O was used with B(CeFs)3 at 60 bar Hz, 70 °C, while in the latter case 1,4-dioxane was used
at 5 bar Hz, 100 °C (Scheme 72). In both cases, aliphatic and benzylic ketones were successfully

reduced, up to 99% vyield.

B(CgF5)3 (5-20 mol%) Activation pathway:
j)]\ 5 or 60 bar H2 )O\H C6F5\B/CGF5
_H/ 1
R” "R 1,4-dioxane or Et,0 R” "R R\o/H+ CoFs
70-100°C, 6-110h or 12h  up to 99% yield FIQ

Scheme 72. FLP-catalyzed hydrogenation of ketones.

Later on, Stephan et. al. showed that the ether could be substituted with a-cyclodextrin or
molecular sieves (4A MS) as Lewis bases.?* In the case of benzylic ketones with molecular
sieves, the resulting alcohol was further dehydrated into the corresponding styrene. On their
side, the Ashley group showed that their 1,4-dioxane/ B(CsFs)s was H.O-tolerant, which is a
crucial feature for large scale applications.?? At the same time, Gyomore et al. developed a
similar FLP moisture-stable complex, B(CsFs)2(CeCl2+nF3-n)2 (n = 0,1) in conjunction with THF
as a solvent.?! Das et al. complemented previous authors’ mechanistic studies by DFT
calculations, confirming that the [B]/R.O adduct was indeed the FLP responsible for H>
splitting.?*2 The other possible pathway, a carbonyl-[B]-mediated H. splitting was found to be
kinetically unfavourable.

Eventually, different approaches to FLP-mediated carbonyl hydrogenation were developed.
Ashley and co-workers reported iPrsSn*/2,4,6-collidine as a boron-free FLP system for
carbonyl and imine hydrogenation.?*® Despite the high temperature employed (180 °C), this

constituted the first example of homogeneous Sn for carbonyl hydrogenation (Scheme 73).
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[Sn]: iPrySn*

[Sn]OTH/[N] (10 mol% each)

j\ 10 bar H, - jJ\H N

R” "R’ DCB R” R’ N| _
180°C, 16-96h 57-97% conversion | [N]

(6 examples)

Scheme 73. Sn-based FLP for carbonyl hydrogenation.
Mummadi et al. adopted the opposite approach from Ashley and Stephan. Instead of using
B(CsFs)3 as a strong Lewis acid, they used instead an aryl-substituted 9-BBN borane as a weak
Lewis acid, in conjunction with a strong Lewis base (Scheme 74).2* In the case of carbonyl
reduction to alcohols, the presence of strong Lewis acids can induce further etherification of
the alcohol product, as well as dehydration as mentioned before. Using their configuration, no
olefin formation was observed. Furthermore, they applied their system to the gram-scale

conversion of ethyl levulinate to GVL (74% yield).

NiBu
[B] (4-6 mol%), [P] (2-3 mol%) [P] 'y
)OJ\ 100 bar H, )O\H C/\l \ I\D
R™ R THF R™ R’ Q

75°C, 10-40h 15-99% conversion CFs
(26 examples) [B] B

[B] (4 mol%), [P] (2 mol%)

0 100 bar H, OH o
+
0
)vcoza )\/\COZEt \E\/:

THF, gram scale .
. 74% yield
75°C, 40h 21% yield oY

Scheme 74. ‘Inverse’ FLP for carbonyl hydrogenation.
Due to the novelty of FLPs in hydrogenations (the first example catalytic example having been
reported in 2014), no formally heterogenized version has been reported so far. A few closely
related systems are worth mentioning though, as they could give hints on the future of
heterogeneous FLPs. Primo et al. reported in 2014 exfoliated graphene as a C=C hydrogenation
catalyst.?'®> While the nature of the active sites remains unclear, the authors did mention the co-
existence of basic and acidic sites on their material, effectively exerting a FLP-induced H>
activation. Later on, they applied graphene made from alginate pyrolysis for nitroarene
hydrogenation.?*® Their results suggested that basic sites could be the carboxylate groups
stemming from the alginate precursor, while the nature of the acidic group remained unclear
(carbon vacancies or carboxylic groups). Not all the LA/LB pairs on the graphene were active,

since they were required to be less than 4A from each other without mutual neutralization.
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Lastly, Ding et al. doped graphene with B/N by pyrolysis of a 1-butyl-3-
methylimidazoliumtetrafluoroborate IL, and used it as a catalyst for cyclooctene

hydrogenation.?*’

1.6 Hydrogen sources

We displayed below the atom economy of each reductant discussed here (Table 1).
Unsurprisingly, H> gas exhibits a full efficiency in terms of atoms employed to reduce a
carbonyl, while the atom efficiency of any other reductant falls below 11%. But other
parameters must be taken in account in the choice of a reductant, including safety (both in terms
of pressure and flammability), reactivity, solubility/miscibility and availability.?'8-2'° Under
this array of parameters, transfer hydrogenation shines as a viable alternative to direct

hydrogenation.??

Reductant %o Active H

Ho> 100%
NaBH; 11%
PMHS 7%
HCO2H 4%
iPrOH 3%

glycerol 2%

NaH2PO> 2%

glucose 1%
Hantzsch ester 0.7%

Table 1. Common reductants in carbonyl reduction-atom economy.

The most popular hydrogen sources, shown by their prevalence in big scale processes, are
hydride salts (NaBH4, LiAIH4). These are respectively obtained from the treating of B(OMe)3
with NaH (discovered in 1953221) and AICIs with LiH (discovered in 1947%%2). Hydride salts
must be used in stoichiometric amounts, despite efforts made to use them in catalytic

amounts, 2

and they mostly suffer from flammability and cumbersome waste generation.
Alcoholic hydrogen sources are available from the biomass (EtOH, MeOH) and their byproduct
can be potentially recycled (Scheme 75).2'® Moreover, some waste chemicals from the
biodiesel and silicon industry can be re-used as reductants (respectively glycerol and PMHS),

opening up new avenues in sustainable transfer hydrogenation.
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H—H
Hydrogen gas
Flammability

Miscibility in solvents
Atom economy

Need to activate Reactive
N o) § H R 5
! )\ JL ¥ NaBH,  EtoOC COOEt p_ol 4 !
. R” OH H” NO"*Na ! LiAIH, || & :
| Alcohols  Sodium formate:! Hydride salts N Silanes |
. Availability traceless . Flammability Hantzzlh ester Flammability |
! b duct ! ivi 1
L i ____________ g ‘_’?_” N f’_h_‘?r_“_‘fs_‘f'_eft_“_”_‘_y___Atfzr_"_ B i _______ |
R/§0 c02 inorganic EtOOC N COOEt silicates
. . salts |
Possible byproduct recycling N/

Scheme 75. An overview of hydrogenation sources.

Manna et al. successfully used glucose as hydrogen source using [Cp*RhCl2]. as a catalyst

(Scheme 76).2%* The complex is able to extract the hydride from the aldehyde form of glucose,

resulting in the formation of gluconic acid as a by-product. The authors were able to perform

alkyne reduction to alkenes, with a tunable selectivity by switching the solvent.

Scheme 76. Glucose as a reductant.

O+ __H O~_OH
[Cp*RhCly], (5 mol%)
glucose (3 equiv.) OH [Ox] OH
NaOAc (1.5 equiv.) OH HO HO
P OH OH
DCE, 120°C, 12-24h R™ "H OH OH
74-88% yleld CHZOH CHZOH
(5 examples)
glucose gluconic acid

Sodium hypophosphite (NaH2PO>) has been reported by Guyon et al. as an air/moisture-stable,

inexpensive reducing agent, using a [RuClx(p-cymene)]2 and 2,2’-bipyridine complex (Scheme

77).25 NaH,PO is a reductant used in industrial nickel plating, being available in bulk quantity

and having no obvious toxicity per its REACH safety sheet.??® The authors extensively

explored their reducing system, using glycerol as a solvent for achiral reduction of ketones.

They checked that glycerol was not the reducing agent in their reaction. Then, they explored

asymmetric reduction, using [(R,R)-TsDPEN] as a ligand, and switching to a biphasic

glycerol/2Me-THF solvent to attain up to 96% ee.
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[RuCly(p-cymene)l, (1 mol%)
biPyr (2.4 mol%)
o NaH,PO,.H,0 (2.5 equiv.) OH
RJ\R' glycerol, 80 °C, 18-24 h R)\R'
39-90% yield
(9 examples)

[RuCly(p-cymene)], (4 mol%)
[(R,R)-TsDPEN] (4 mol%)
0 NaH,PO,.H,0 (2.5 equiv.) OH
R™ H Glycerol/2Me-THF, 40 °C, 24 h R™ H
24-97% yield
up to 96% ee
(22 examples)

Scheme 77. Sodium hypophosphite as a reductant.

1.6.1 Short chain alcohols

The discovery of hydride salts as reductants allowed in their time supplanting the ‘classical’
reduction methods such as the MPV reduction.??” MPV reduction remains however an inspiring
system, evoked even in recent discovery. It was discovered independently by Verley??® and
Meerwein et al. in 1925,%%° using AI(OEt)3 in EtOH and further developed in 1926 by Ponndorf
using Al(OiPr)s and iPrOH.Z* In essence, the carbonyl is introduced with an excess of reducing
alcohol, with an Al or B-based transfer agent. Upon coordination of an alkoxide to AI** or B%*,
its a-hydride can be readily transferred to a ketone through a 6-member transition state (Scheme
78).

PrOi OiPr

B
o A(PrO); i‘ OH
RJ\R' /PrOH // /k - R)\R'
R'

'classical conditions": with TFA:
excess iPrOH 1eq. /PrOH
1 eq. Al(iPrO); <1 eq. Al(iPrO)3
3-8h reflux 15 min

Scheme 78. MPV reduction.
Since the process is reversible, an excess of iPrOH is required to drive the reaction to
completion. Although the acetone byproduct can be distilled off, the reaction still proceeds
sluggishly (3-8 h under reflux) and side reactions such as aldolization and Tischenko

condensation are prone to occur due to the presence of alkoxides. In practice, a stoichiometric
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amount of Al(OiPr)zis required due to the slow ligand exchange around Al.?! This, along with
low chemoselectivity and the elevated amount of reductant hamper the efficiency of the MPV
process. However, the prospect of using alcohols as safe reducing agents sparked interest into
improving over the original MPV reaction. Akamanchi et al. showed that stoichiometric?2 or

catalytic amounts?3!

of trifluoroacetic acid greatly enhanced the reaction rate, cutting the
reaction time down to 15 minutes at room temperature and allowing the use of catalytic
amounts of AI(OiPr)s. Another improvement was to accelerate ligand exchange by
coordinating Al or B to sterically hindered ligands, such as bidentate biphenylenes,®

234 235

porphyrins,~>* or siloxides.

The MPV reaction has seen in the last 5 years much development on biomass conversion, based
on AIZ27 and Zr?%8-242 oxides as catalysts. Dumesic et al. calculated the thermodynamic
profile for the MPV hydrogenation of ethyl levulinate (EL) using Al(II1), Sn(IV), and Zr(IV)
isopropoxides in iPrOH.?*® Both EL and LA can be easily converted to GVL through this
reductive method.?** However, the carboxylate function in LA has a catalytic poisoning ability,
which explains the high occurrence of EL or butyl levulinate (BL) as model substrates.

A" snV zrV cat.

(@) R'-OH \Eo):
)J\/\COZR 140-250°C, 6-24h o

R = H, Et, nBu R' = H, Et, Pr, Bu GVL

Scheme 79. Heterogeneous Al, Sn or Zr for biomass conversion.
Finally, Castellanos-Blanco et al. reported a (dippe)Ni(cod) complex that was able to exploit
EtOH as a reducing agent (Scheme 80).24 Although not formally being a MPV process, it is
interesting that EtOH is a drastically more active reductant compared to other short chain
alcohols (MeOH, iPrOH, nBuOH) (95% vyield for acetophenone reduction, versus 13%, 4%

and 53% for the others respectively).

Pr Pr
(o) (dippe)Ni(cod) (2 mol%) OH R
X X [
R” "R EtOH, 130-150 °C, 36 h R” "R P
. iPr’ \,'pr
65-99% yield
(11 examples) (dippe)Ni(cod)

Scheme 80. EtOH as a reducing agent catalyzed by Ni(0).
A more recent variant of MPV reactions was co-discovered by the Taillefer?* and the Varma?*’

groups, by using cheap and widely available metal alkali M-B (M = Li, Na, K, Cs and B = OH,
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OtBu, PO4, CO3). The former group was screening basic additives for Fe-catalyzed transfer
hydrogenation of carbonyl when they discovered that metal alkali could catalyze the reaction
on its own. Among all the M-B combinations tested, NaOH conveniently gave the highest
reactivity (full conversion of benzaldehyde at 18h with 10% NaOH). In order to disprove the
presence of trace contaminants such as metals, the authors performed ICP-MS on the base. The
main metal contaminant detected was Fe (1.8 ppm) along with Rh, Ir, and Ru in much smaller
amounts (<55 ppb): the observed TOF of their reaction could not be correlated to any of these
metal levels. Therefore, the authors conclude that M* cations were able to mediate the direct
hydride transfer through a 6-member intermediate (Scheme 81). Wang et al. further showed
that EtOH was a suitable H-donor as well in the process.?*®

NaOH (10 mol%)
or KOH (12-25 mol%)

M.
o or KsPO, (50 mol%) oH )OF: 0
1 - T et
R

R R' iPrOH or EtOH, 82°C, 0.5-30h R R'

MPV-style activation
of iPrOH using M-B

Scheme 81. Bases as transfer hydrogenation catalysts.
The Varma group attained a way higher catalytic activity for aldehyde reduction by switching
to KOH in a sealed vial (3 h for full conversion for benzaldehyde with 12% KOH, as opposed
to 18 h in Taillefer’s example). However, the reaction still proved to be much slower for ketone
reduction as it required a higher base loading (25 mol% KOH) and reaction time (18-24 h).
Ikhile et al. eventually showed that the addition of 0.5 mol% 1,3-diarylimidazolium salt
doubled the activity of KOH for cyclohexanone reduction.?*® Finally, Radhakrishan et al.
showed that calcinated KsPO4 was a suitable heterogeneous base substitute.?®® Although pre-
treatment at 600 °C, 5 h and higher loadings were required (50 mol%, 10 h for benzaldehyde

full conversion), K3POg is a re-usable and inexpensive catalyst.

1.6.2 Formate

Formic acid (HCO2H, FA) is the simplest of carboxylic acids, made from the
carbonylation of MeOH into HCO,Me, and subsequent hydrolysis.?>! In conjunction with a
base (such as EtsN) or as sodium formate, it has been widely used as a reducing agent,
decomposing into CO2 and H> under catalytic conditions. It has been particularly useful in
prochiral ketone reduction into secondary alcohol, using 1r?°2, Ru?®32%, Rh2% complexes, or

enzymes®’ (Scheme 82, see Scheme 35 and Scheme 28 for examples in water).
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)
)]\ X=H, Na, K

H® OX

j\ | [Ir], [Ru], [Rh], enzymes= j)*\H '

R R R=R' R R

Scheme 82. Formic acid/akali metal formate in prochiral reduction.

Gao et al. supported Ru on an aluminum oxyhydroxide support (Ru@AIO(OH)) for benzylic
aldehyde transfer reduction using HCO,K.?*® In parallel, FA has also been widely applied to
biomass upgrading using heterogeneous catalysts, in particular for LA reduction to GVL.*2
Indeed, LA is co-generated with LA from carbohydrate acidolysis, going through a 5-HMF
intermediate.?° Therefore, both products can be reacted together to drive the formation of GVL
(Scheme 83). One notable feature is the requirement of H>O as a solvent, stemming from the
acidolysis step that is performed in aqueous solution. A seminal example was reported by Du
et al., using small Au NPs supported on ZrO2 (Au@ZrO) 2*° The catalyst was tested on freshly
prepared solutions of LA/FA mixture made from the treatment of carbohydrates with H2SOs,
establishing the robustness of their method. The Fu group also showed the viability of
homogeneous Fe/Tris[(2-diphenylphosphino)ethyl]phosphine complexes for LA reduction.?®
Finally, Varkolu et al. used Ni supported on SiO, (Ni@ SiO-) and applied in continuous flow
for GVL synthesis.?®

HO o O [HY 2 Au@ZrO; or Ni@SiO, o {z\/Pth)
7 J Do "L
H 140-250°C, 6-24h, H,0
5-HMF CO,H oL
LA + FA

Scheme 83. Co-generation of LA and FA from 5-HMF and subsequent reduction to GVL.
LA has also been successfully applied as a reductant on vanillin, to yield 2-methoxy-4-
methylphenol. To this purpose, Wang et al. reported the use of Pd supported on TiO2 dispersed
on a N-doped carbon support (Pd@TiO2@N-C).?%?

1.6.3 Glycerol

Glycerol is a non-toxic, non-hazardous, and non-volatile liquid, the 1,3-dihydroxylated
analogue of iPrOH.?2 Contrary to iPrOH, glycerol is a biomass waste, generated as a by-
product in the manufacture of biodiesel fuel from vegetable oils (Scheme 84). For every ton of
biodiesel produced, 100 kg of glycerol is generated.?®* With its low price, there has been a
strong economic incentive to use it as a solvent and a reducing agent. Its own oxidation by-
product, dihydroxyacetone, is an ingredient in the formulation of sunless tanning cosmetics.
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Finally, it can be used in the polyol process, as a reductant to form metal NPs such as Ag, Pd,
Pt, Ru, Au.?®

0]

)L """" on T .

NaOH or KOH ! o)
R1 \)\/ > HO\)\/OH r+3 L
MeOH ' | R OMe
O : glycerol o
triglycerides : R')K E
R = C45-C5¢ hydrocarbon chains : OH !
i RN
! o

Scheme 84. Glycerol production.
In catalytic carbonyl reduction, homogeneous Ru and Ir complexes have been mostly used, in
conjunction with KOH. Early results were reported by Tavor et al. using [RuClz(p-cymene)].
as a catalyst.?°® Due to the low amounts of KOH used (14 mol%), they obtained low catalytic
activities with a 90% yield on benzaldehyde after 90 h of reaction at 70 °C (Scheme 85).

[RuCly(p-cymene)], (1 mol%)
0 KOH (14 mol%) OH
)]\H glycerol, 70 °C Ph)\H
90% vyield at 90 h

Ph

Scheme 85. Early works on Ru-catalyzed reduction of carbonyls using glycerol.
Their discovery was later expanded by other authors, by increasing the base amount (to 1-2
equiv.). Azua et al. introduced a sulfonated NHC-Ir complex that proved more active for
benzaldehyde reduction (99% vyield after 1.5 h), and diphenyl ketone (91% yield after 20 h)
(Scheme 86).267 However, on other more sterically hindered ketones, yields were below 55%,

and the catalyst was C=C selective on a,B-unsaturated aldehydes.

O [Ir-NHC] (2.5 mol%) OH .

P KOH (1 equiv.) )\ 99% yield (1.5 h)
Ph” H

O glycerol, 120 °C OH

PN 91% yield (20 h)
Ph
N>/\N/\N )
/_/7 — \\K/N
K+ -038 I_ll':/_l \\\\
0 0
y SO; *K
[Ir-NHC]

79



Chapter 1 - Introduction

Scheme 86. Sulfonated-NHC-Ir for carbonyl reduction in glycerol.
Eventually the same authors explored related Ir-NHC complexes in ultrasound setups, showing
its superiority in the case of benzaldehyde reduction (11% vyield in oil bath vs 73% in

ultrasound) (selected example shown in Scheme 87).2¢8

OMe
MeO OMe
[Ir-NHC] (2.5 mol%)
> N
Ph”™ "H glycerol, 98°C Ph™ H D

Clicod I)\N OMe
Oil bath (30 min): 11% yield (cod)lr
Ultrasound (5 min): 73% vyield OMe

OMe

Scheme 87. NHC-Ir for carbonyl reduction in glycerol: comparison of oil bath heating vs
ultrasound (selected example).

Sharma et al. further explored Ru-based complexes, this time with asymmetric bidentate
chalcogen ligands (Se,S-containing NHCs).?%° In a side-to-side comparison with iPrOH,
glycerol proved to be a less active reducing agent with an average of 5-10% yield loss (Scheme
88). Nonetheless, using sub-stoichiometric amounts of KOH (40 mol%), the authors obtained

from good to excellent yields on 7 ketones.

[Ru] (0.5 mol%)
0 KOH (40 mol%) OH e
R R' glycerol, 80 °C, 3 h R R'
o g Y [Rul
72-90% yield Ph\ E'
(7 examples) ' ;C E,E'=SeorS
|

Scheme 88. Bidentate chalcogen ligands with Ru for glycerol as a reductant.

An exception to these examples was reported by Gawande et al. who supported Ni NPs on
FesOs NPs (Ni@FesOa), primarily for nitroarene reduction in glycerol (Scheme 89).27
Although the scope was very limited, they successfully applied their catalyst for carbonyl
hydrogenation as well. Due to the magneticity of both components of their catalyst, they
managed to recycle it 8 times with no yield drop.
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Ni@Fe3z04 (9 mol% Ni)
KOH (2 equiv.
(2 equiv.) OH

)J\ glycerol _ )\

R” R 80°C,2-2.5h R™ R

84-94% vyield
(5 examples)
recyclable 8 times

Scheme 89. Ni@Fes04 for carbonyl reduction in glycerol.

So far, glycerol has been used mostly in Ru/lr homogeneous complexes, and even in base
metal-based systems, high amounts of KOH are required (typically 1 equivalent or above).
Carbonyl reduction processes using glycerol can be seen from a different perspective though,
the oxidation of glycerol (and subsequent trapping of the hydrogens by the carbonyl). In this
framework, base-free systems have been widely for aerobic oxidation of glycerol, typically
with bimetallic systems based on combinations of Au with Pd/Pt.2"12"3 Based on our section
concerning other alcohols (EtOH, iPrOH) as reductants though, there should be opportunities

for noble metal-free and/or base-free catalytic systems to tackle this challenge.

1.6.4 PMHS

In contrast to most silanes, PMHS is an inexpensive and non-toxic reducing agent. In
the absence of an activator, it is an inert and easy to handle liquid. It was first prepared by Sauer
and co-workers,?”* and has been since reported in a substantial number of reduction
processes.?’ Upon treatment with BFsOEt;, the resulting PDMS byproduct can be recycled
into MeSiHz.xFx synthons that are useful building blocks in the silicon industry.?’® Early reports
consisted in using tin salts as activators,?’"?" and since then a wider variety of activators has
been reported. Nucleophilic activators such as fluorides,?® phosphines?®! or bases?®? have been
successfully applied to PMHS-mediated ketone hydrosilylation (Scheme 90). Eventually, non-
noble metals such as Fe?®328 and Zn were shown to activate PMHS as well, with Zn being able
to enantioselective prochiral ketones into chiral secondary alcohols.?8-289

v
1- 1\0,3% (PMHS)

O activator: F-, HO", [Fe], [zn]*  OH

N SN,

R R’ 2-NaOH or KF treatment R R

Scheme 90. Overview of PMHS for carbonyl reduction.

1.7 Concluding remarks for the introduction
As seen throughout the plethora of examples of carbonyl hydrogenation exposed here, a

broad and diverse toolbox of chemical methods is available to chemists to design a performant
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reduction process. Yet, the introductory question “What alternatives green chemistry offers to
improve carbonyl reduction?” remains rhetorical at this stage, with a plethora of developments
on the subject with no definitive answer so far. A wide range of green chemistry metrics is
available to assess each alternative. Yet, none of them is systematically used throughout the
many reports covered here. Furthermore, there is no universal green metric, reflecting the
complexity to design an universally green reaction. As many alternatives as possible should be

developed to tailor every process to every need.

For this to happen, green metrics should be more widely used, to discriminate deceptively
‘green’ reports from holistically designed processes with a clear goal in mind. For instance, the
use of ILs should remain a niche application in organic chemistry, to circumvent solubility
issues or enable catalyst recycling. The use of every technology covered here should be
justified in terms of economy (energy, atom, waste generation) or because it enables pathways

that were not formerly possible.

In this thesis, we will exploit to our best the specificities and limitations of alternative energy
inputs in chemistry (see section 1.3 of this chapter), applied either to the synthesis of

nanoparticle, or for the reaction itself.
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Singsong 'round the money tree

This stunning documentary that no one else unfortunately saw
Such beautiful photography, it's worth it for the opening scene
I've been driving 'round listening to the score

Or maybe, I just imagined it all

Turner, A.; Helders, M.; Cook, J.; O’Malley, N. One Point Perspective, Tranquility Base Hotel & Casino, 2018,
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Owing to the challenges in C=0O reduction mentioned previously, Ag NPs shine as highly
selective catalysts. Their applications in C=0 hydrogenation, and many other organic reactions,

are covered below.
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2  Silver NPs in organic transformations

This chapter is adapted from a published article, whose citation appear below, which is

reprinted with permission from Wiley editions and all co-authors.

Alain Y. Li, Alexandra Gell¢, Andreanne Segalla, and Audrey Moores, Silver NPs in Organic
Transformations, book chapter for “Silver Catalysis in Organic Synthesis” by Xihe Bi and
Chao-Jun Li, Wiley editions (accepted).

2.1 Abstract

Silver is a versatile element, differing from gold in that only half of its supplies is used
toward jewelry, the rest being geared toward industrial applications, including alloys, batteries,
dentistry, glass coatings, LED chips, medicine, nuclear reactors, photography, photovoltaic
energy, tracking chips, semiconductors, touch screens, water purification, wood preservatives,
and many other uses. Beyond their main use in the chemical industry as an industrial
epoxidation catalyst, Ag NPs have been successfully applied to various chemical reactions.
This chapter covers the catalytic processes catalyzed Ag NPs, with a special interest in the
scope and mechanism of these reactions. Most notably, they are active for both carbonyl
reduction and alcohol oxidation, making them competent for versatile oxidative couplings.
Furthermore, they have been widely explored as selective hydrogenation catalysts, for nitriles,
alkynes and carbonyls against olefins. We have also surveyed their applications in

alkynylation, nitrile hydrolysis, silanol chemistry, and Lewis acid catalysis.

2.2 Introduction

The past decades have seen a tremendous development in nanoscience, resulting in
successful applications in fields, such as medicine, energy, sensing, environmental remediation,
and agriculture.!> Owing to their unique properties — such as high surface-to-volume ratio,
extensive size and shape, compositional tunability, and amenability to recovery — they are
particularly interesting in the context of sustainable science and in particular for catalysis.* The
use of silver nanomaterials for catalysis has a long history, with alcohol oxidation being
investigated in the 1880s>* and ethylene epoxidation patented in the 1930s.” The research on
Ag NPs for catalysis is yet very dynamic to date, developing both known processes for
improved activity, selectivity or scope, and novel ones, and has been the topic of recent

reviews.>!!
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Silver is a versatile element, differing from gold in that only half of its supplies is used
towards jewelry, the rest being geared towards industrial applications, including alloys,
batteries, dentistry, glass coatings, LED chips, medicine, nuclear reactors, photography,
photovoltaic (or solar) energy, tracking chips, semiconductors, touch screens, water
purification, wood preservatives and many other uses.'? Silver is key in some chemical
processes, as will be discussed below.

In this review, we are covering the catalytic processes catalyzed by Ag NPs, with a special
interest in the scope and mechanism of these reactions. Because of the specific position of the
Ag'/Ag’ couple redox potential (E° = +0.7996 V), Ag has the ability to oxidize then reduce
back to metal zero under mild conditions, making Ag-based NPs good catalysts in both
reductive and oxidative processes. As developed in more details below, the role of Ag(I) species
is not innocent and has been investigated for a number of reactions, both experimentally and
in silico. Hence they are covered below under epoxidation of alkenes, oxidation of alcohols,
and reduction reactions. Ag NPs also have interesting an optical property, the localized surface
plasmon resonance, which was at the center of recent development in catalysis for both
oxidation and reduction. Finally, we complete our survey with alkynylation, oxidation
couplings and miscellaneous processes, towards nitrile hydrolysis, silanol chemistry, and
Lewis-acid catalysis.

2.3 Epoxidation
2.3.1 Epoxidation of alkenes

Alkene epoxidation is a critical process in the chemical industry. Since Lefort’s patent on
1931 on direct epoxidation of ethylene into ethylene oxide (EO) using O, catalyzed by Ag,’
four different major and industrially used variations have been discovered by Union carbide,
Scientific Design Co.,'* Japan Catalytic Chemical Co., and Shell International Chemicals BV.!*
11% of ethylene is used for EO production, and constitutes the 14™ most produced organic
chemical (20 million tonnes in 2009).'> Although air is convenient as a reactant, pure oxygen
is preferred in newer processes as it allows achieving higher reaction rates.'®

Ethylene oxide is primarily used to access ethylene glycols (monomer, oligomers and
polymers). Ethylene glycol itself is used as antifreeze and also as monomers for the production
of poylesters, including polyethylene terephtalate. Propylene oxide is also produced
industrially by epoxidation, for about half of its production, but it relies on organic oxidants,
such as cumene hydroperoxide (Sumitomo process).!” Epoxidation of propylene by silver is
still lacking in selectivity to be applicable in the large scale. Hence, because of the importance

of alkene oxide for major industrial streams, the epoxidation reaction is crucial. As we will
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present below, Ag-based nanomaterials occupies a central place in this chemistry and research
is very active in this area, to oxidize ethylene, propylene, but also styrene and several others.
Importantly, for this process, the role of surface oxides, chlorides, or other additives is often
non-innocent in triggering both activity and selectivity.
2.3.2 Epoxidation of ethylene

Ethylene oxide (EO) is an essential gateway chemical. The reference industrial catalyst
for this reaction consists of large Ag NPs (100-200 nm) supported (circa 15% wt.) on low-
surface-area Al,Os, with alkaline species as promoters.'® Ethylene epoxidation is competing
with isomerization of the product towards acetaldehyde (AA) through re-adsorption on the
catalyst, and combustion by C-H activation (Scheme 91). Indeed, EO formation is reported to
be moderately exothermic when the complete oxidation of ethylene and EO to COx is strongly

exothermic.!®

(0]
AA | <—\
K isomerization to

acetaldehyde

3& A 1) combustion
? Xzco 2

1327 kimol 55 ~1223 kd/mol pathway

Scheme 91. Ethylene epoxidation and competing processes.

Since 1931 when metallic Ag was first shown to be an active catalyst for ethylene

20 several additives have been studied to

epoxidation with a selectivity of around 40-50%,
improve its selectivity. Adding ppm levels of chlorine-containing molecules in the reaction
stream, such as vinyl chloride, 2! or oxides, including cesium oxides*? and rhenium oxides®?
help increasing the selectivity of the reaction, with typical values found in modern literature
around 80%. Increasing the selectivity, and avoiding combustion are crucial to reduce CO>
emission, considering the scale of EO production (more than 27 million tons are projected in
2017%%). Furthermore, an 1% improvement in selectivity would result in tens of millions of
dollars per year of financial gain, underlining this other important aspect of the process.?
Finally, using more sustainable synthetic methods and supports is also crucial, as pointed by Li

et al.*®

using biomass to prepare the catalyst.

The ethylene epoxidation mechanism with Ag has been extensively studied, as attested by
Bukhtiyarov et al. and around 1000 papers have been published on that subject.?’ Therefore,
the whole literature will not be covered in this chapter and we invite the reader to refer to

104



Chapter 2 - Silver NPs in organic transformations

specialized reviews such as the one mentioned previously, along with others.?% 28

It is generally accepted that chemisorbed atomic electrophilic oxygen adds to ethylene in
the rate determining step to form EO.2® Indeed, XPS showed two different types of oxygens
during reaction conditions: nucleophilic oxygen has an Ois binding energy (BE) of =528.5 eV
and participates in total combustion whereas electrophilic oxygen has an O1s BE of =530 eV
and participates in epoxidation.”’ Although nucleophilic atomic oxygens have been well
characterized,*® the nature of electrophilic atomic oxygens has remained elusive until a very
recent report by Jones et al.>! They showed that sulfur impurities in Ag or ethylene resulted in
the generation of SO4 species adsorbed on the surface that are the source of electrophilic atomic
oxygen, as shown by in situ XPS technique.

Medlin first showed theoretically and experimentally for butadiene that an
oxametallacycle (OMC) intermediate formed on the surface of metallic silver, that can then go

through 1,2-ring closure to form the epoxide product.>?

Eventually, Linic then proved that a
similar pathway for ethylene occurred.*>3* Depending on the silver surface the OMC
intermediate forms, it favors either EO for (100) and (110) faces or acetaldehyde for (111)
faces. Therefore, engineered silver structures such as nanowires or nanocubes, featuring
predominantly (100) faces, greatly enhance selectivity.>> Cheng et al. further explored this
structure/activity relationship and established the following order for EO-selectivity: (110) >
(100) > (111) > (211), as a consequence of the difference in adsorption strength and geometry

of the OMC intermediate on the different surface (Scheme 92).3

0
H H
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Oxametallacycle
(OMC)

Scheme 92. Mechanism of ethylene epoxidation mediated by silver through an

oxometallacycle intermediate (adsorption steps omitted).

The amount of low valence sites also correlates with low selectivity.>” To minimize their
presence, larger NPs can be used, or low coordination sites can be poisoned using chlorides.
Furthermore, both surface and subsurface chlorine weakens Ag-O interactions, making oxygen
more reactive for epoxidation. Chemisorbed chlorine also helps selectivity by assisting EO
desorption, as long standing EO adsorption is associated with its combust or isomerization to
AA 38 Interestingly, Basset and co-workers showed that AgCl nanocubes were not active for

ethylene epoxidation, thus linking the structural difference between AgCl and Cl-exposed Ag
105



Chapter 2 - Silver NPs in organic transformations

to distinct activities.>* Upon a mild NH4OH washing, surface chloride could be removed and
the cubes became active for catalysis. Cs acts as a binder between Ag and its support enhancing
the catalyst coverage, as shown by Minahan et al. for Ag and Al,Os. This will minimize the
surface area of basic sites on Al,O3, lowering the combustion pathway.*’ Furthermore, Linic et
al. showed that Cs and Cl both favorably affected the epoxidation transition state by an electric
field/dipole interaction. Used in conjunction with Cl, these two additives can cooperatively
boost the catalyst by electronic effects.*!

Though other transition metals can perform epoxidation through an OMC intermediate,
they are either too stable and favor AA formation as the thermodynamic product, either too
unstable and do not allow epoxidation at all. Mavrikakis et al. showed that Ag happens to be
in the sweet spot where the OMC intermediate and EO are equally stable on the metal surface,
therefore favoring the epoxidation.*

Van Santen compared the energetic barriers for ethylene oxidation for the three coinage
metal oxides (Au, Ag, Cu) using DFT calculations.** Among the (100) oxide surfaces, Ag>O
was shown to be the only one suitable for the catalytic epoxidation of ethylene. Ag>O allows a
barrier-free direct epoxidation of ethylene using surface atomic oxygen and does not react again
with EO to decompose it. While Cu0 is suitable for catalytic epoxidation, it can isomerize
ethylene oxide to acetaldehyde (AA). Since Au;O is an unstable species, it cannot be
regenerated which disqualifies it as catalyst for epoxidation.

As for Ag>O (001) surfaces, the selectivity decreases with the presence of oxygen-vacant
sites, where the formation of acetaldehyde is favored. These oxygen-vacant sites are less likely
to form in presence of chlorine and cesium.** However cesium alone will decrease the
selectivity by the formation CsOx surface complexes that consume surface oxygen.

2.3.3 Epoxidation of propylene

Propylene oxide (PO) is an important bulk chemical to manufacture polyurethane,
unsaturated resins, surfactants and other products (2.28x10° ton/year, with a 4%/year increase).
Industrially, it is produced by either the chlorohydrin process, or stoichiometric epoxidation,
such as the Halcon process.*’ In the chlorohydrin process, it produces a large amount of
chlorinated by-products which are toxic and can also erode equipments. As for the Halcon
process, tert-butyl hydroperoxide is used as an oxidant and PO is produced together with an

equimolar amount of tert-butanol byproduct.*®

Degussa-Uhde built in 2009 a new plant
involving a more efficient process: hydrogen peroxide to propylene oxide (HPPO). Here, only
water is generated as a byproduct, using titanium silicalite as a catalyst. However, its

commercialization has been hindered largely by the supply and demand of H,0».*” Contrary to
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ethylene oxide, propylene oxide industrial production does not rely on silver catalyst.

The epoxidation of propylene with H, and O, over Au catalysts supported on Ti-
containing materials was first reported by the Haruta group in 1998 (Scheme 93).*® Although
hydrogen does not contribute to the end product, it helps generate a peroxo species at the
interface of Au® and Ti*', that is the active species. This said, hydrogen is not required in the

case of silver.
OH

|

Ti“*l~. _Au Hz O O._. -HO O..
TS =22 il omu— rien <l A

\
H peroxo species

Scheme 93. Haruta’s proposed mechanism for Au@TiOz-catalyzed propylene epoxidation

through a peroxo intermediate.

Contrary to ethylene epoxidation, the additional presence of an alpha-proton on propylene
leads into additional selectivity issues since it can be attacked by a nucleophilic oxygen atom
adsorbed on the Ag surface.*’ Therefore authors such as Lambert>*>! and Lu*? proposed using
Cu as a catalyst, though so far the selectivity has been limited to 70%.

Dai et al. recently provided DFT calculations for rationalizing the intermediates involved
in Ag-catalyzed propylene epoxidation.’® They revised the OMC intermediate, arguing that
adsorbed atomic oxygen on Ag surfaces favored both direct epoxidation and a-H abstraction,
that leads to combustion (Scheme 94).>* Indeed, both pathways are exothermic (-0.14 and -0.16
eV respectively, for Ag(100)) and the combustion pathway is actually kinetically favored (the
energy barrier is at 0.29 eV, against 0.44 eV for epoxidation on Ag(100)). This stems from the
strong nucleophilic character of the adsorbed atomic oxygen that will readily attack the a-H
rather than forming the epoxide. However, by considering a new intermediate involving
molecular dioxygen (OOMC), they showed that both oxygen atoms were less likely to exert a-
H abstraction. It can electrophilically attack the C=C bond, giving a higher epoxidation
selectivity. Once cannot exclude the co-existence of these pathways during the reaction, but

this constitutes a good rationale in catalyst design for tuning the selectivity.
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Scheme 94. Molecular oxygen vs atomic oxygen absorption’s influence on propylene

epoxidation selectivity.

A breakthrough in the field of Ag catalysis was made by the Vajda group when they
reported the successful use of Ags nanoclusters supported on amorphous alumina for this
reaction.’ These clusters are known to sinter (aggregate into bigger NPs) upon heating above
110 °C, and stabilize at 3.5 nm around 200 °C. These small NPs proved to be extremely reactive
for propylene epoxidation and showed an increased activity as a function of temperature, while
selectivity drops past 140 °C (Scheme 95). At 100 °C, the highest selectivity was obtained (c.a.
90% selectivity to PO, with 10% acrolein formed). For both Ags and Ag NPs, the rate of
propylene oxide molecules formed per surface silver atom was ~1 s ™! at 110 °C, which is much

greater than that reported for any Ag catalyst.
CO,

T

A~ 1/2 O,
—_— >
l Propylene oxide
(PO)
NO

Acrolein (Acr)
Scheme 95. Epoxidation reaction of propylene and competing side reaction.

The Vajda group showed that O dissociation proceeded most favorable at the Ag/Al>O3
interface.’® Ag-borne O atoms were found to be responsible for PO formation while Al,Os-
borne ones were responsible for acrolein formation. In addition, the barrier to O2 dissociation
on these Ag@AI>O3 was small compared to that on crystalline Ag surfaces, which accounts for
a higher activity overall.

Agoo nanoclusters have been studied in the context of propylene epoxidation through DFT

157

calculations by Kuz’menko et al.>’ Molecular oxygen coordinates preferentially on edge or

apex positions of Ag NPs, leading into an electron density transfer from silver to oxygen and
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generating cationic Ag®" sites. These sites also favorably bind propylene and go through a four-
member OMC intermediate that has a low activation barrier towards PO formation. Similarly
to ethylene epoxidation, (100) Ag facets were more selective than (111) facets >® and chlorides
boosted the selectivity to propylene oxide.>

Lu et al. reported the use of bimetallic Ag-Cu catalysts supported on BaCOs3 for propylene
epoxidation.’? The highest PO selectivity of 55.1% and the propylene conversion of 3.6% were
achieved over Agos—Cus@BaCO; bimetallic catalyst. The doping of 5% Cu in Ag helped
increasing the electropositivity of Ag, as shown by XPS and boosted oxygen adsorption to
restrain Ag NP agglomeration. A selectivity of 71.2% was achieved by the same group by
impregnating ppm levels of CuClz on the catalyst, where Cl™ effect has been shown to exalt
Ag’s electropositivity.®® Other Ag supports have been successfully reported since for this
reaction, such as molybdenum oxide-impregnated silver supported on zirconium oxide (Ag—
MoO3@Zr02),%!, as well as Ag—Y203-K.0@AI>03,% ball-milled treated Ag@CaC03,%°-%* and
Ag@NaCl.%
2.3.4 Epoxidation of styrene and other alkenes

Styrene epoxidation has been reported in a wider variety of methods, including enzymatic
systems for enantioselective epoxidations such as P450%, styrene monooxygenase®’, or
microbial systems.%® Industrially, oxidation of styrene is carried out by using stoichiometric
amounts of organic peracids as oxidant. Tert-butyl hydrogen peroxide (TBHP),%-"° H,0,,”!

7274 or mixtures’® are more common oxidants on the lab scale. Ag catalysts

molecular oxygen,
are also active for this reaction and, again, (100) facets provided the best activity, as shown by
Li et al.’® As aresult, the rate for this reaction over Ag nanocubes was more than fourteen times
higher than that on nanoplates and four times higher than that on near spherical NPs.

Luck et al. reported the use of mesoporous MCM-41 silica, as a support for Ag NPs.”’
Using TBHP as a radical initiator (the actual oxidant being air), they managed to oxidize 4
alkenes with varying selectivities (Scheme 96). Cyclohexene gave 2-cyclohexen-1-one as a
major product whereas cyclooctene gave the corresponding epoxide as a major product.
Benzaldehyde was formed in majority when styrene was oxidized. Using 1,2-dichlorethane
(DCE) as a solvent, the Ag surfaces passivated completely via formation of an AgCl layer. The
same effect can be observed by using NaCl in a H>O//BuOH. H>O> could not be used as a
radical initiator with the fresh catalyst as it decomposed immediately upon exposure to the

catalyst. On subsequent recycling cycles however, due to the surface passivation of the catalyst

with chlorides, H>O> was compatible and used instead of TBHP.
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Ag@MCM-41 (5 mol%)
TBHP for the first cycle
. H,0, for subsequent cycles (5 mol%) o
R/\/R - /<]/R'
DCE/MeCN (10/1), air, 90 °C, 24-72 h R
(recyclable 4 times)

@)
— O +
n )n )n

1: 99% conversion, 68% selectivity for the enone
3: 75% conversion, 98% selectivity for the epoxide

n
n

Scheme 96. Agl@MCM-41-catalyzed oxidations of olefins.

Chen et al. reported the synthesis of magnetically recyclable Ag@Fe3O4 performed under
hydrothermal conditions.”® It was active for styrene epoxidation using TBHP, affording a
turnover frequency (TOF) of 1473 mmol.mol"L.h! with the added benefit of being recyclable 5
times with no deactivation. The presence of Fe3O4 was claimed to assist the epoxidation by
providing additional reactive oxygen sites. The authors eventually developed a series of
magnetically supported mixed metal-Ag NPs AgM x@Fe>xO4 (M = Co, Ni, Mn, Zn).”

Li et al. used carbon nanofibers (CNFs) as supports for various forms of Ag
nanocatalysts.38! By electrospinning deposition, they decorated CNF with Ag NPs, before
they were calcinated to obtain the active catalyst (Scheme 97). Whether an oxide was added as
a promoter or not (MgO, Al,O3), their optimized conditions all gave similar results for the
epoxidation of styrene (43% conversion, 39% selectivity to styrene oxide).

Ag-M-CNF (30 mg)
X TBHP (6 equiv.) O
©/\ 5 mL iPrOH, 80 °C, 8h ©/</

43% conversion

39% selectivity
M = MgO, Al,O3, no oxide

Scheme 97. CNF-supported Ag for styrene epoxidation.

Magnesium and aluminum oxides as double-layered oxides (LDH) have been exploited

by Xu et al. as well, showing improved catalytic performances (Scheme 98). 8
©A\ Ag@LDH (2.76 %) 0
TBHP (7 equiv), MeCN, 82 °C,18 h

80% conversion
90% selectivity

Scheme 98. Epoxidation of styrene catalyzed by Ag@LDH.
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The Li group eventually opted for a different strategy by loading silver in zeolite using
supercritical carbon dioxide and hydrogen as a reductant.®3-%% These small and monodisperse
NPs (3-6 nm) showed an improved performance for styrene epoxidation, using different oxides
to tune the selectivity to styrene oxide or benzaldehyde (Scheme 99).

Ag@4A-zepIite (2 wt%) o
@ oxidant _ . ©AO
5 mL MeCN, 82 °C
TBHP (24 h) H,0, (6 h)
98% conversion ~ 84% conversion

89% selectivity 96% selectivity
to styrene oxide  to benzaldehyde

Scheme 99. Zeolite-supported Ag for styrene epoxidation.

Activated layered manganese oxides are inexpensive supports that can be used for styrene
epoxidation in conjunction with sodium carbonate, hydrogen peroxide and either gold or silver,
as shown by Bagherzadeh et al. (Scheme 100).%> A mechanism was proposed by the authors,
where silver and manganese act in conjunction to activate the alkene (Scheme 101). Sodium
carbonate helps activating hydrogen peroxide into HCO4",*® which ultimately provides the
oxygen atom for the epoxidation.

AgMnOy (3.4 mol%)
H,0, (4 equiv), NaHCO3 (20 mol%) R{i
MeCN, r.t., 4 h =
31-93% conversion
6 examples
(recyclable 4 times)

RN

Scheme 100. Ag supported on manganese oxide for alkene epoxidation using hydrogen

peroxide.
0]
Rﬂ
Rl
AgMnO,
\ /\/R'
0 R
Rl
R /:O\ /() /_|
AgMnO, X\ AgMnO,
HCO, HCO4"
H,O H,0,

Scheme 101. Proposed mechanism for carbonate-assisted epoxidation of alkenes.
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Raichur et al. reported the synthesis of hollow silver nanocages built using silica as a
sacrificial template.®” Because of the increased surface area, the nanocages showed high
reactivity and selectivity towards TBHP-induced alkene epoxidation, and recyclable up to 4

times (Scheme 102).
Ag nanocage (20 w/w%)

. TBHP (1-2 equiv) 0
NN ' > R/ﬂ
R MeCN, 65°C, 4 h Iy

63-82% conversion
80-89% selectivity
6 examples
(recyclable 4 times)

Scheme 102. Ag nanocage as recyclable catalysts for alkene epoxidation.

Methyltrimethoxysilane/3-mercaptopropyltrimethoxysilane hybrid films
(Ag@MeTMS/MPTPS) have been showed by Macquarrie et al. to be suitable supports for
silver in catalyzing styrene epoxidation under microwave.®® The thiols allowed the stabilization
of Ag NPs, making the catalyst recyclable up to 4 times. However, it was shown that Ag slowly
leached into solution, thus explaining the high selectivity and activity, similar to the one of

AgNO; on its own (Scheme 103).

©/\ Ag@MeTMS/MPTMS (1 wt%) O
H,0, (2 equiv), 142 °C, mW, 15 min
>99% conversion
76% selectivity

Scheme 103. Epoxidation of styrene catalyzed by Ag@MeTMS/MPTPS under microwave.

Bal et al. used Ag/Mn3;04 nanowhiskers for styrene epoxidation, using cetyl alcohol as a
soft template to obtain the nanowhiskers after calcination.®® Their system is remarkable in that
they used oxygen (10 bar) as an oxidant, affording a full selectivity to styrene oxide (Scheme

104). The catalyst did not leach and was recyclable up to 5 times.

AN Ag-Mn30O4 nanowhiskers @

©/\ 0, (10 bar), 80 °C, 25 h - Ej/Q
100% conversion

67% selectivity
(recyclable 5 times)

Scheme 104. Styrene epoxidation under oxygen with Ag/Mn3O4 nanowhiskers.

Polyoxometalates (POM) such as HsPV2Mo100Oa are also suitable supports for catalysis,
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as shown by Neumann et al.’® This particular species was shown to inhibit free radical

91-92

autoxidation reactions by the same group, and possess a high anionic charge for

% Both properties supported their use in the silver-catalyzed

nanoparticle stabilization.
epoxidation of alkenes in air. Among the metals tested, Ru and Ag proved to give the best
catalytic results, though they observed some product loss due to the formation of oxygenated

polymeric products (Scheme 105).

. Ag-POM@AI,O3, O, (2 bar) o
R/\/R - > R
CF3-Ph, 170 °C, 30-60 min R
18-66 yield%
6 examples

Scheme 105. Aerobic epoxidation of alkenes using Ag-POM supported on alumina.

Kobe et al. finally pointed in their survey on industrial epoxidation the emergence of 3,4-
epoxybut-1-ene production (EpB), developed by Eastman Chemical Company.'> EpB has four
non-equivalent carbons along with two functional groups (epoxy and vinyl), hence its
considerable potential as a chemical intermediate. For example Eastman Chemical Company
proposed the manufacturing of 1,4-butanediol from EpB,’* which is itelf a precursor of THF
and biodegradable plastics such as poly(butylene succinate).”

In conclusion, the silver-catalyzed epoxidation of simple alkenes such as ethylene and
propylene, using oxygen as an oxidant, has been widely studied. In contrast, a wider variety of
oxidants has been reported for bigger alkenes, reflecting the better availability of peroxides on
the lab scale with oxygen remaining the most atom-economical choice. For all cases, the trend
for facet selectivity is consistent, with the (100) facet favoring the formation of the epoxide.
2.4  Alcohol oxidation
The oxidation of methanol to formaldehyde over Ag is considered to be the first successful
example of heterogeneous catalysis.”® Along with Cu and Au-catalyzed oxidation of MeOH,
these represent one of the oldest industrial catalytic technologies dating back to the 1880s and
the first non-Pt based catalytic industrial processes. Since then, Ag has gradually been replaced
by Fe/Mo catalysts in the industry for MeOH oxidation, now accounting for 45% of world’s
production of formaldehyde.>*® On the lab scale, the reactivity of Ag NPs has been extended to
the oxidation of a variety of benzylic and aliphatic alcohols using oxygen as an oxidant and
will be covered in this part.

The mechanism of alcohol oxidation over metal NPs was described in an excellent review
by Davis and co-workers,”” and is illustrated in Scheme 106. First, the hydroxy group is

deprotonated, while the resulting alkoxide bounds to the metal surface. For coinage metals, this
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step typically requires the presence of a base since they feature poor ability for alcohol proton
abstraction, unlike platinum-group metals.’® Indeed, M-H bonds are poorly stable when M is a

coinage metal.”’

With metal oxide support such as Al>O3 or SiOg, the lattice oxygen can act as
the base. Alternatively, Ag>O can also act as a base. Then, a B-hydride elimination occurs,
leading to the formation of the carbonyl. The metal hydride then gets oxidized. If dioxygen is
present, the overall reaction is called aerobic oxidation and the hydride is quenched to form
water. In cases where aldehydes are formed from primary alcohols, selectivity can be an issue
as the aldehyde may react further with water to form germinal diols, and ultimately carboxylic
acids by B-hydride elimination. Conversely, if anaerobic conditions are used, the hydride can
recombine with the proton from the first step to form H» gas. Here, the poor binding affinity of
Ag for hydrides helps drive the dehydrogenation forward (See 3.1-Carbonyl reduction). In this
case, the overall reaction is called alcohol dehydrogenation. Since no oxygen is present, there
is no over-oxidation issue. Interestingly, the presence of water may lead to catalyst
100

deactivation.

[B]: base or basic site
[M]: active site on the NP

R i .
HYR BT, M ?) Fjf[B]H4>RﬁhR -

o) Deprotonation, B-hydride 0 Ml
H Metal-alkoxide  [MI elimination
formation
no Oy, H*

HO 0o
\[(\R — R~—— WAR + Hy0 < 2 H,
OH R'=H metal-hydride

overOX|dat|on oxidation

Scheme 106. Mechanism of the metal nanoparticle-catalyzed alcohol oxidation.

Liu et al questioned the distinction between alcohol aerobic oxidation and

dehydrogenation in a recent study.!'"!

From a thermodynamics standpoint, alcohol
dehydrogenation is energetically uphill, with a positive enthalpy of reaction. Entropy being the
sole driving force, only temperatures above 200 °C may favor the equilibrium towards the
carbonyl and Hz products. For example, the Gibbs free energy of the dehydrogenation of benzyl
alcohol to benzaldehyde and Hb i1s +33.4 kJ/mol at 25 °C but this decreases to +20.6 kJ/mol at
120 °C and +9.7 kJ/mol at 200 °C. Water formation having a highly negative Gibbs free energy
of —230.8 kJ mol™' under standard conditions, its formation seems the only way to rationalize

alcohol oxidation at low temperatures. This suggests trace amounts of oxygen in the reaction

are necessary to drive the reaction under such conditions. This also explains why reported
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alcohol dehydrogenation-based oxidation processes are typically taking place under hasher
conditions than their aerobic counterparts.

The nature and speciation of the Ag NP surface is central to the catalytic alcohol oxidation,
as highlighted by Yang et al.'® The absorption of O on the silver surface, and the formation
of Ag-O pairs plays a key role in its reactivity. According to Sanderson’s classification of
transition metal oxides, the oxygen in the Ag-O pair bears the strongest negative effective
charge (-0.46e), along with CuxO (-0.44e).!® This provides the basic site on the surface for
deprotonating the hydroxy function. On the other side, an acidic site must be provided to
abstract the a-hydrogen of the alcohol. Ag" is a soft acid according to Misono’s classification,
with a parameter of 3.99, compared to harder acids such as Cu* and Cu?".!% This will minimize
the interaction with the hydroxy group and avoid alcohol dehydration into alkenes, which is
another unwanted outcome in alcohol oxidation (Scheme 107). Therefore, the Ag-O pair acts
as a strong Lewis base/soft Lewis acid pair, whereby the good basicity of the O site favors
alcohol dehydrogenation, while the low acidity of the Ag site limits dehydration side reactions.
Cu oxide, on the contrary, features weaker Lewis base/stronger Lewis acid pair and is less

efficient for the selection oxidation of alcohols.

_________________________________________________

L 0v-- ; E
r H\o aerobic H)K/R:
I Ag®* T -H R oxidation i

0, O

> R
over-oxidation HOJ\/

-H, O
i dehydrogenation H)K/R’
H - IM] -
) o H,O =H/\/R
Hﬂ\(R dehydration

H

Scheme 107. Alcohol oxidation: pathways and side reactions.

In the following, we describe selected examples of both proposed pathways for this
reaction: the aerobic oxidation and the dehydrogenation.
2.4.1 Aerobic alcohol oxidation
One of the most efficient systems, in terms of silver loading, was proposed by Hosseini-
Monfared et al. where they supported Ag on different graphene-based supports for the aerobic
oxidation of benzyl alcohol (Scheme 108).!°° N-Hydroxyphthalimide (NHPI) was used to
increase both the oxidation conversion (from 7% without NHPI to 61%) and selectivity to
benzaldehyde (from 19% to 58%). Indeed NHPI has been shown previously to react with Co
to generate N-oxyl radicals by electron transfer, initiating a radical chain mechanism with
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alkene and oxygen to generate epoxides.'® By functionalizing graphene with thiols
(Ag@GOSH), they enabled a better adhesion and dispersion of Ag on the support, making it

recyclable 5 times with no Ag leaching.

Ag@GO or Ag@GOSH O
(1.3 mol% Ag), NHPI X
©/\OH . © N-OH
MeCN/PhClI (5/1)
0, (1 atm), 80°C NHPI O

Ag@GO: 33% conversion, 55% selectivity
Ag@GOSH: 61% conversion, 58% selectivity
(recyclable 5 times)

Scheme 108. Graphite-supported Ag NPs for aerobic oxidation of benzyl alcohol.

CeO; is able to reversibly bind O, and can serve as an oxygen storage material. In the context
of catalytic oxidation it helps providing active oxygen sites. For instance, Kundakovic et al.
boosted Ag and Cu oxide catalytic activity in methane oxidation by supporting them onto
Ce0,.""" Beier et al. exploited this material for the oxidation of alcohols using a mixture of
CeO, NPs and Ag supported on SiO (Scheme 109).!%° They compared the catalytic activity of
Ag@SiOz with Pd supported on Al2Os3, showing that the Ag benefitted more from CeO2
addition (6 to 98% conversion increase) than Pd (81 to 94% conversion) with a high selectivity
(>95% for Ag in both cases, and <70% for Pd in both cases).

Ag@SiO, and CeO, (10 mol% each)
O, (1 atm) PR
R”OH - R Y0
Xylene reflux, 0.75-2h

71-99% conversion
28-98% selectivity
10 examples

Scheme 109. Oxidation of alcohols by Ag@SiO: assisted by CeOa.

Rana,'% Kang,'” and Ma!!® further extended the discussion on the CeQ> interaction with
supported Ag. According to them, Ag NPs act as a crystal defect in CeO», which results in the
activation of the lattice oxygen. Oxygen can indeed move from CeO> to Ag NPs, and be
available for a bioethanol selective oxidation to acetaldehyde in Rana’s case. Overall, the
oxygen storage capacity of Ag@CeO: increases by around 10-fold after Ag is added to CeOx.

Erasmus et al. studied the impregnation a flat silica wafer with silver nitrate by spin-
coating, followed by reduction under hydrogen at 350 °C to afford a thin layer of
homogeneously dispersed metallic Ag NPs (3-5 nm).!"! Using this they could oxidize

octadecanol at 105 °C under aerobic conditions (Scheme 110).
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\M/\ Thin layer deposited of Ag@SiO, OH
OH > A0+ %
16 solvent-free, 105°C, 18 h, air 16 16 O

Scheme 110. Octadecanol oxidation on Ag supported on SiO> wafer.

Ag nanomaterials as catalysts and air as oxidant are readily transposable into flow setups.
In this fashion, Ding et al. reported the use of nanoporous Ag to oxidize short-chain linear
alcohols into the corresponding carbonyl with high selectivities in continuous gas phase flow
(Scheme 111).!'? The nanoporous catalyst was synthesized by treating Ag7;7Mg»3 alloys with
tartaric acid, etching Mg and affording nanoporous Ag.

/OI\H nanoporous silver jJ)\
R R" O, (alcohol/O, : 2/1), 200-250 °C R R'
total flow rate 100 mL/min
60-100% conversion
92-100% selectivity
7 examples
(recyclable 4 times)

Scheme 111. Nanoropous Ag-catalyzed alcohol oxidation in continuous gas phase.

By substituting K with Ag on cryptomelane octahedral molecular sieves (Ag@OMS-2),
Yadav et al. produced an active catalyst for the selective oxidation of 1-octanol to 1-octanal in
gas flow at 325 °C (Weight hourly space velocity (WHSV = Mass Flow/Catalyst Mass was
16.74 h'') (Scheme 112).!!* Toluene added to the reactive medium served to avoid 1-octanal
over-oxidation, giving comparable results in terms of selectivity and conversion to Ru-based
catalysts. The yield decreased slightly upon re-use, but the catalytic activity could be restored
after a treatment under air. The same design was developed for ethanol oxidation by Dutov et

Cll.“4

Ag@OMS-2 (10 mol%) OH
N oH o o+ %
Toluene, 325°C, 18 h, 6 O

WHSV 16.74 h™’ 75% conversion
95% selectivity
(reusable after regeneration under air)

Scheme 112. Ag-OMS-2 for 1-octanol oxidation in gas flow.
2.4.2 Alcohol dehydrogenation

Alumina, as an amphoteric support, can assist Ag in both steps of the reaction, as shown
by the Satsuma group (Scheme 113).! In this scheme, the basic sites on alumina (Al-OH) are
responsible for the alcohol deprotonation (Scheme 114). The formed alkoxide replaces the
resulting water molecule on alumina, and undergo a hydride abstraction by Ag. The latter is the
rate-determining step (Scheme 114). The authors probed this hypothesis with different oxide
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supports (CeO2, MgO, ZrO,, Si0O;), correlating a high activity with an optimum of
electronegativity of the support cation around 1.6. Either more acidic supports with more
electronegative cations (Si*") or basic supports with less electronegative cations (Ce*", Mg?*,

Zr*") gave lower yields.

HO Ag@A|203 (2 mol%) 0
M S G
R™ R N,, Toluene, 80-100° C, 24-48 h R” R
27-99% conversion
9 examples

(reusable 4 times)

Scheme 113. Ag@AI»0Os-assisted dehydrogenation of alcohols.

H / Proton

HO OH abstraction
n AL__A (A1,03)
R |
@7 ¢ A
I I i '/ \H

H y
/AI\O/AI\ ? H?
‘@ /AI\O/AI\
Hydride
abstraction

HH N (Ag)

Hydrogen H. H_ H )J\

release l |
/AI\O/AI -

Scheme 114. Assistance of Al,Os for Ag-catalyzed alcohol dehydrogenation. Active protons
and hydrides are displayed in blue and red respectively.

Recently, Golshadi et al. reported the in situ formation of PVP-stabilized Ag NPs (c.a.
15nm) for primary alcohol dehydrogenation to the corresponding carboxylic acid (Scheme
115).'"6 Here the addition of K-OH drives the complete oxidation through the nucleophilic
attack of HO™ on the carbonyl center, resulting in an acetal and the corresponding carboxylic
acid by B-hydride elimination. The excess of K-OH generates carboxylate, favoring the
precipitation of the product. This also prevents that free acids deactivate the catalyst surface.'!’
The role of MnBr2 is not clear, though Mn catalysts alone have been reported for alcohol

dehydrogenation reports. When benzaldehyde was subjected to the reaction conditions,
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formation of benzyl alcohol was observed, showing that a parallel Cannizzaro reaction takes
place under these basic conditions.

1 - Ag,CO3 2.5 mol%, MnBr, 2.5 mol%, PVP
OH K-OH Mesitylene, 164 °C, 8-20 h, N, -9

A (25 equiv) L2

R H 2 - HClI R "OH

78-98% isolated yield
21 examples

Scheme 115. In situ generation of Ag NPs for alcohol oxidation to carboxylic acids.

Mitsudome reported one of the highest turn-over-number (20.000) for alcohol oxidation
with hydrotalcite-supported Ag (Scheme 116).!® Hydrotalcite is a layered double hydroxide of
general formula MgsAlbCO3(OH)16-4H20. Both the catalyst and the support proved to be
superior than their classical counter parts (Pd, Ru and SiO2, TiO; respectively). This system
proved selective as well for unsaturated alcohols, with absence of reduction of C=C bonds by
H: byproduct, unlike typical PGM-based catalysts.

OH Ag@HT (0.10-0.20 g, 45 nm) @

/L )k'+H2

R™ R p-Xylene, 130 °C, Ar, 10-96 h R™ R
97-99% selectivity
16-99% conversion
18 examples
(reusable 4 times)

Scheme 116. Ag@HT-catalyzed dehydrogenation of alcohol.
Bayat ef al. used silica coated on magnetite as a support for Ag NPs (Ag@Si102@Fe;04),

making them easily recyclable and active for the dehydrogenation of a wide range of alcohols,
except for aliphatics (Scheme 117).!" Similarly to Satsuma’s example, SiO assists the
catalysis by proton abstraction from the alcohol.

OH Ag@SiO,@Fe304 (0.20 mol% Ag) e

> )J\ +H2

R R’ Toluene, 110°C, N, 24-48 h R R'

71-99% conversion
97-99% selectivity
17 examples
(recyclable 8 times)

Scheme 117. Magnetically recyclable, silica-supported Ag for alcohol dehydrogenation.

Kurhe et al. entrapped Ag NPs into nanoporous chitosan/polyacrylamide interpenetrating
polymer networks (Ag@IPN). Such a support helps reducing metal leaching by 60% compared
to chitosan alone, allowing the catalyst to be re-used up to 7 cycles.!?*® Here chitosan is

suspected to help the dehydrogenation mechanism through hydrogen bonding (Scheme 118).
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OH Ag@IPN (0.05 mol% Ag) 0

R R' p-xylene, 130 °C, 12-22 h, N, R R'

80-97% yield
12 examples
(recyclable 7 times)

Scheme 118. Ag@IPN-catalyzed alcohol dehydrogenation.
2.4.3 Silver alloys in alcohol oxidation
Silver can also be combined to other metals to increase conversion and/or selectivity
for alcohol oxidation. For instance, Feng et al. (Scheme 119) showed that PdAg supported on
hydroxyapatite (PdAg@HAP) exhibited a higher selectivity for the oxidation of 1,2-
propanediol to lactic acid compared to Pdo/HAP.!?!

OH PdAg@HAP, NaOH OH
)\/OH ] I
10 bar 05, 100°C,2h 07 “OH

1,2-propanediol

lactic acid

Scheme 119. Selectivity of 1,2-propanediol oxidation to lactic acid with PAAg@HAP.
Hirasawa probed a similar alloy for the selective oxidation of glycerol to
dihydroxyacetone, combining Pd high activity and Ag selectivity.!*?> Their proposed
mechanism showed that Ag helps coordinating one primary -OH group on glycerol, allowing
the selective oxidation of the secondary hydroxy group by Pd (Scheme 120). This prevents the
oxidation of the primary hydroxy groups, that can further oxidize to carboxylic acids. By

preventing the formation of glyceric acid, the deactivation of Pd-Ag by surface poisoning was

T

Pd Ag Pd— Ag

avoided.

Scheme 120. Pd-Ag synergy for the selective oxidation of glycerol.

With Pd and Pd/Ag films'?*, Yamamura studied the selective oxidation of allyl alcohol to
acrolein, leaving the C=C double bond unreacted (Scheme 121). This reaction is particularly
difficult since one has to circumvent the ability of Ag to epoxidize C=C double bonds in the
presence of O (see section 2.3), and the one of Pd to reduce it with any transient adsorbed
hydrogen. A Pd/Ag ratio of 7 mol% was shown to be optimal compared to pure Pd, affording

an improved selectivity to acrolein of 96% (compared to 84% for pure Pd), at the cost of an
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!, compared to 34.2*10” mol.cm™s™"); a higher temperature of

activity loss (2.6%10” mol.cm™s”
300 °C could help improve the activity (40.1*10 mol.cm™s™).

PdXAg 100-x film

0]
A~OH - AP </\¢O * | >~_OH >

6 equiv Oy, 200 °C

(140 torr total) . g40, selectivity

Pd;Aggs: 96% selectivity

Scheme 121. P and Pd;Agos films-catalyzed selective oxidation of allyl alcohol to acrolein

Au/Ag bimetallic alloy clusters have also been explored where Ag serves to boost the
otherwise sluggish activity of Au. Tsukuda et al. were among the first to explore this avenue,
with polyvinylpyrrolidone (PVP) as stabilizer (Scheme 122).!** As Ag/Au ratio was increased,
up to 10%, the catalyst activity improved for the oxidation of 4-hydroxybenzyl alcohol. The
hypothesis is that the more electropositive Au atoms can transfer electron density to Ag ones,

reinforcing the cationic character of Au.
/@AOH Au-Ag@PVP (2 mol%) /@AO
HO 3 equiv. K,CO3, H50, air, 25 °C - HO
10% Ag: doubles the rate
constant compared to Au/PVP

Scheme 122. Ag doping into Au@PVP for 4-hydroxybenzyl alcohol oxidation.

Huang made a similar observation,'* confirming by XPS the charge transfer from Au to
Ag atoms, resulting in different reaction mechanisms and different kinetics for the aerobic
oxidation of benzyl alcohol from those for pure Au. The oxidation of benzyl alcohol follows a
1.5-order kinetic with respect to benzyl alcohol for the whole reaction with pure Au, with
alcohol deprotonation and oxygen adsorption being the limiting steps. Upon the addition of
Ag, the more cationic character of Au enhances alcohol deprotonation, while Ag helps
dissociating oxygen.!?® The kinetic shifts to a 0.5-order with respect to benzyl alcohol. Finally,
Guan et al. showed that Ag can form a layer of Ag oxide around TiO> supported-Au, and
hypothesize this provides extra stabilization of the ensemble in the benzyl alcohol aerobic
oxidation.*’

Costa et al. studied the selectivity of Au-Ag nanotubes (Au-Ag NT) made by galvanic
replacement on Ag nanowires for cinnamyl alcohol oxidation.'?” In their case, Au boosted Ag’s
activity but decreased its selectivity against radical side reactions. Pure Ag nanowires afforded

the oxidative cleavage of cinnamaldehyde to benzaldehyde through a radical-chain reaction
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(60% selectivity), at the expense of the desired cinnamyl alcohol oxidation (2%). Replacing of
half of the Ag atoms with Au atoms increased the catalyst activity to almost full conversion,
but with a decreased selectivity to cinnamaldehyde (20% selectivity). Surface-enhanced
Raman spectroscopy (SERS) studies showed that cinnamyl alcohol was first oxidized on the
catalyst surface, while the C=C cleavage step occurred in solution. Upon adding 2,6-di-tert-
butyl-4-methylphenol (BHT), the C=C cleavage was inhibited and cinnamaldehyde became
the major product (70% conversion, 97% selectivity) (Scheme 123).
©/\/\OH catalyst (0.05 mol%) _ ©/MO . ©AO
O, (6 bar), 100 °C, 6 h

with BHT without BHT

Ag NW, no BHT: 2% conversion, 60% selectivity
Au-Ag NT, no BHT: 99% conversion, 20% selectivity
Au-Ag NT, with BHT: 70% conversion, 97% selectivity

Scheme 123. Oxidation selectivity of Au-Ag NT.

Coinage metals have been used in different combinations to control alcohol oxidation
selectivity. Dai'?® used Au/Ag@TiO> (Au/Ag atomic ratio: 3) for the complete oxidation of

benzyl alcohol to benzoic acid, while Rossi'?’

showed the Au/Cu could stop the oxidation at
the benzaldehyde.

In conclusion, Ag NPs exhibit specific traits for alcohol oxidation that are neither
encountered with homogeneous Ag or other metals. The Ag-O pair has been extensively shown
to perform hydride abstraction from alcohols, with or without the assistance of a support. The
presence of hydride acceptor such as dioxygen increases the reaction rate, at the cost of
selectivity through overoxidation. The last part showed that Ag could be used in conjunction
with other metals to fine tune activity and selectivity.

2.4.4 Alcohol-amine coupling

Amines are key intermediates in the chemical industry, especially in agrochemicals,
pharmaceuticals, detergents, and the food industry.!*® NHs, the simplest amine, is the main
source of nitrogen in most organic amines'*! and calls for functionalization through C-N bond
formation. Various reactions have been devised to do so, such as the Pd-catalysed Buchwald—
Hartwig amination'*? or alkyl halide substitution. These processes come at expense of halide
salts generation, thus negatively impacting atom economy. Alcohols are ‘ideal’ electrophile
coupling partners in the sense they are readily available, in particular from biomass,'*! and only

generate water as a byproduct during their condensation with amine derivatives.'**> They are
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however less reactive than, for instance halide compounds, due the high energy of the C-O
bonds (c.a. 90 kcal/mol), and the poor leaving group character of the hydroxide group.'**

To overcome this major hurdle, the alcohol may be transformed in situ into a more reactive
group. The borrowing hydrogen mechanism (BHM), or hydrogen autotransfer, is a catalytic
concept where a H> molecule, or a hydride/proton pair, is abstracted from a starting material to
render it more reactive and then transferred to another molecule to obtain the end product
(Scheme 124).%% In alcohol-amine couplings, the alcohol is first oxidized into the
corresponding carbonyl, then the amine-carbonyl condensation takes place, before the
‘borrowed’ H» is used to hydrogenate the resulting imine. This concept is not only useful to
perform N-alkylation of amines using alcohols, it can also be used to activate alcohols for C-C
couplings through aldol-type or Wittig-type condensations.!*® As shown in the alcohol
oxidation section, Ag is competent for abstracting the a-hydride of the alcohol, but less so for
the abstraction of the protic hydrogen, which is usually accomplished by the support or a co-
catalyst.

XH R” "NuH-R' 0

/7N NuH3 = -NHy, -SO2NHj, %

NH,
‘\/ [M]: support, co-catalyst
—_— >

R™ °X  -XH, RANU-R'

Scheme 124. General figure for borrowing hydrogen mechanism. The ‘borrowed’ hydrogens

were put in bold.

One testament of the versatility of this approach is Deng and co-workers’ report, where a
Ag/Mo hybrid material was used to couple various nucleophiles (such as amines, amides,
sulfonamides and ketones) with alcohols, in a diverse and extensive scope (Scheme 125).!%’
Their rationale was to use silver as a potent alcohol dehydrogenation catalyst and molybdenum
that showed some potential for C=N reduction.!*® The catalyst synthesis was fine tuned to
afford AgsMo100O33 crystals, which proved to be active without the addition of any organic

ligand.
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R™ "NH; H 11 examples
i X
~n, 10-96% yield
R™ "NH; AgeMo10033 (6 mol% Ag) R ” R" 12 examples
0 + R OOH  t-BuOK (20-40 mol%) o
I - .
R-S-NH, 5equiv. Ar, 135-160 °C, 1220 h R-8-N" g 82-98% yield
4 nH 14 examples
O
0] 0]

86-97% vyield
RJ\ Rk/\R' 10 examples
Scheme 125. Ag/Mo-catalyzed alcohol coupling with amines, amides, sulfonamides and
ketones.

Satsuma and co-workers, having already reported silver supported on y-alumina (Ag@Al>O3)
for alcohol dehydrogenation,'!® naturally followed up with hydrogen borrowing on alcohols.
As stated in their previous study, alumina as an amphoteric support not only stabilizes the
catalyst, but also provides basic sites that can reversibly abstract proton from the alcohol. The
acidic sites of alumina help the coordination of the various intermediates such as the ketone
and the imine. A typical procedure for the catalyst preparation consisted in the impregnation of
y-alumina with a silver nitrate solution. The solid was dried and calcinated at 600 °C for 1 h
then reduced under hydrogen 100 °C, 10 min.
These reports constitute the earliest examples of Ag NP-catalyzed BHM. Typically Ag@Al203
catalyzed the amination of a series of alcohols in the presence of two equivalents of aniline
derivatives, in good to high yields (70-94%, Scheme 126).!*° They eventually showed that
silver could also be introduced as small nanoclusters into copper NPs supported on alumina
(Ag-Cu@Al>0:3), allowing a lower catalyst loading (1 mol% of metal) and avoiding the use of
FeCl; as a co-catalyst.'4?

Ag@AI,03 (4 mol% Ag)

FeCls.6H,0 (5 mol%)

oH + R-NH, - R7ON
o-xylene, reflux, 6-24 h H

70-94% vyield

11 examples
(reyclable 2 times)

PN

R

2 equiv.

Scheme 126. Ag@Al>Os-catalyzed aniline N-alkylation using alcohols, with FeCls as an
additive.
The oxidation of alcohols into carbonyl intermediate proceeds similarly to alcohol
dehydrogenation.'” In short, a basic site from alumina (Al-O) borrows the proton from the
alcohol, and the silver borrows the a-hydride from the alkoxylate (Scheme 127). Upon

condensation of the amine with the carbonyl, a hemiaminal intermediate is formed. FeCl3
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accelerates water elimination step to form the imine, that subsequently gets protonated back
from the borrowed proton. The resulting immonium cation is then activated again with FeCl;
towards the attack of the borrowed hydride, yielding the amine. Overall, the amine yield was

increased from 16 to 96% due to the addition of iron chloride.
alcohol :'_ i _I_-l -----

starting ' H
material R" “OH

____________

 ChemCatChem 2009

H* Eamine product
T TNH-R"

-

nitroarene . P
Al-O: basic site
starting material onalumina  AlFO| [Ad] [Agl-H | immonium reduction
ChemCatChem
2011 Fe®*

H 1

-------- . AQ@AI03, Hy H !

'R-NO,! . R‘—NH/ZN& Al
R' 0

R’
——————— - nitroarene RN * H20

[
reduction ALOH H
Cs,CO 3+ -
S2-a | |Fe H /)(/water elimination
' Fe3*

R'HN

R "0~

H
H/\H O !
R'HN Al-O : !

P|<\_ > :R1JJ\N/RI+ H-H

R* "O" dehydrogenation : ! I
l 1

amide product
Chem Eur. J. 2009

Scheme 127. Satsuma’s proposed pathways for alcohol amination versus alcohol amidation
using Ag@AIl>O3 (adsorption steps omitted for clarity).
Upon adding a base rather than a Lewis acid, the hemiaminal intermediate can go through a
dehydrogenation pathway, yielding the amide rather than the amine if a primary alcohol is used
as a starting material. This was shown by the same group, under fairly similar conditions but
using Cs2COs rather than FeCl; as additive (Scheme 128).!4!

Ag@Al,05 (4 mol% Ag) 0

Cs,CO3 (20 mol%) R)J\N’R1
Toluene, reflux, 24 h '

2 equiv. R2

67-93% vyield

15 examples

|

R/\OH + R1R2NH

Scheme 128. Ag@Al,Os-catalyzed amidation of alcohols, using Cs2COs as an additive.
The Satsuma group also brought an yet another variation by replacing the amine with a
nitroarene, which gets reduced in situ to aniline derivatives under 2 bar of H».!*? In terms of
price, nitroarenes and alcohols are cheaper than anilines and carbonyls respectively, which
motivated them to explore this pathway. This time, KF was used as a co-catalyst, although no

clear indication of its role was given. The catalytic system was tested on a small range of
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molecules, showing high yields (80-93%, Scheme 129). A similar system was reported by
Mandi ef al., using polyacrylic acid as a support.'*’

Ag@AIl,O3 (9 mol% Ag)
KF (20 mol%)

2 bar H,
R"SOH + R-NO, - R
Mesitylene, 155 °C, 24 h

Rl

/\N,
H

1.5 equiv.

80-93% yield
8 examples

Scheme 129. Ag@Al>Os-catalyzed nitroarene N-alkylation using alcohols under reductive
conditions.

Liu et al. also used Ag@AIl2Os in conjunction with Cs2COs, but inverted the alcohol:amine
ratio (2:1, Satsuma used 1:2).'** The coupling of aniline and benzyl alcohol gave a high yield
towards the amination product, but whenever aniline was replaced by a secondary amine or
aliphatic alcohols were used, the conversion dropped below 70% with low selectivities to the
amine product (Scheme 130). Typically, the coupling of pyrrolidine or piperidine to benzyl
alcohol gave predominantly the amide product (76 and 78% selectivity respectively) in low
conversions (51 and 18%). In other cases, such as the coupling of benzyl alcohols with
cyclohexylamines or 1-phenylethylamine, the reaction stopped at the imine formation step.

Ag@AIL03 (2.5 mol% Ag)
Cs,CO3 (30 mol%) 1
RTOH + R'R2NH - r R

2 equiv. Xylene, 120 °C, 24 h Il?z

P

5-99% conversion
1-99% selectivity
13 examples

Scheme 130. Ag@Al20s3-catalyzed amination of alcohols, using Cs2COs as an additive.

L.,'% where

One last example on Ag@AIl>Os for alcohol amination was provided by Paul et a
lower amounts of Ag were used (0.3 mol% as opposed 2.5-4 mol% in other examples) at the
expense of using an excess of CsxCOs (2 equivalents). Their substrate scope was quite
extensive (Scheme 131), including aminopyridines, aminopyrimidines and 2-
aminobenzothiazoles as amine coupling partners. An effort has been made to explore the
recyclability of their catalyst on four different substrates, showing that all of them allowed the

catalyst to be re-used at least 5 times with no significant yield drop.
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Ag@Al,O3 (0.3 mol%)
CSch3 (2 equiv.) '
OH + R-NH, - rONR
Toluene, Ny, 100 °C, 10 h H
82-99% vyield
21 examples
(recyclable 5 times)

Scheme 131. Ag@Al,Os-catalyzed amination of alcohols.
Ortho-anilines (-NH», -SH, -OH) were shown to condense with benzyl alcohol derivatives into
benzimidazoles with the same catalyst, demonstrating the versatility of the catalyst (Scheme
132). The same group also established that polypyrroles were suitable supports for Ag NPs,
with a similar set-up and substrate scope.'*®
Ag@AI,03 (0.36 mol%)
XH Cs,CO3 (2 equiv.) X
- - OO
NH, Toluene, N5, 120 °C, 30 h N
X=0,S,NH 70-99% vyield
10 examples

Scheme 132. Ag@Al,Os-catalyzed one-pot condensation of benzimidazoles.
Geukens et al. discovered that Ag NPs, generated in sifu by reaction of AgNO3 with NaH, were
active for benzyl alcohol condensation with 4-ethynylaniline mild conditions (110 °C, 20 h,
38% conversion).!*” NaH was shown to both reduce AgNOs and also help deprotonating the
alcohol, which is consistent with the examples shown so far in alcohol amination. Rather than
using AlO; to stabilize their Ag NPs, the authors employed a Al.O3-Ga;Os; composite,
featuring stronger Lewis acid sites and alleviating the need for FeCls additives (Scheme 133).

Ag@A|203-G8203
(3 mol% Ag, 1:4 Al/Ga)
NaH (28 mol%) ]
R™ "OH + R'RNH - R
2 equiv. Toluene, Ar, 110 °C, 26 h Ile

PN

15-85% conversion
14-96% selectivity
9 examples

Scheme 133. Ag@Al,03-Gay0s-catalyzed amination of alcohols.
The Kegnaes group studied the individual steps of the Ag@Al>Os-catalyzed alcohol amination
over two reports, providing useful insight into the reaction mechanism. In a first report, they
focused on Ag@Al>,Os-catalyzed oxidation of alcohols, as well as their in situ condensation
into an imine.!*® There, the over-oxidation of the benzaldehyde to benzoic acid was a concern
for the overall reaction yield. Furthermore, benzoic acid can condense with the alcohol starting

material, affecting even more the selectivity. Under air, the selectivity to benzaldehyde was
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surprisingly higher at 100 °C (97%) than at lower temperatures (less than 75% at 60 °C and
80 °C) while one would have expected a higher over-oxidation rate at higher temperatures
(Scheme 134). Conveniently, the oxidation works better under air (95% yield at 100 °C, 50 h)
than under argon or pure oxygen (55% and 80% yield at 100 °C, 50 h respectively) showing
that only small amounts of oxygen are needed to remove the hydrogen forming on the silver

surface (cf. Alcohol Oxidation).

©/\OH Ag@AI,O3 (3 mol% Ag) R ©AO , ©/COOH
Toluene, air, 24 h
60 °C: 19% conversion, 75% selectivity

80 °C: 45% conversion, 70% selectivity
100 °C: 95% conversion, 97% selectivity

Scheme 134. Study on Ag@Al20s-catalyzed oxidation of benzyl alcohol.
As expected, if an amine is present, less carboxylic acid is observed since the aldehyde is
quickly consumed into the imine (Scheme 135).
Ag@AI,O3 (3 mol% Ag) R

OH *+ R'R2NH - RO
Toluene, air, 100 °C, 24 h R2

N

R

10-100% conversion
68-99% selectivity
12 examples

Scheme 135. Ag@Al,0Os-catalyzed conversion of alcohols into imines.
In a second report, the Kegnaes group studied with the same catalyst the hydrogenation of
imines into amines, attaining high yields (90-97%) for the 8 imines they tested (Scheme
136).1% A small drop in selectivity (<5%) was observed due to the retro-imine condensation,
with subsequent hydrogenation of the aldehyde.
Ag@AIl,O3 (3 mol% Ag)

R 4 bar H R
NN 2 . RN

R2 Toluene, air, 100 °C, 24 h R2

90-97% yield
95-99% selectivity
8 examples

Scheme 136. Ag@Al>0Os-catalyzed hydrogenation of imines.
With the two separate steps in hand, they attempted the overall alcohol amination reaction in
one-pot (Scheme 137). The yield in amine product was 60% for the two steps, with alcohol
oxidation/imine condensation step being quantitative, and the imine hydrogenation being
responsible for the drop (60% yield). Compared to Satsuma’s system, where the reaction was

conducted in one step, no additive such as FeCls was added.'*’
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1-Ag@AIl>,03 (3 mol% Ag)
©/\OH ©/NH2 Toluene, air, 24 h /@
+ > N
2-Ag@Al,03 (3 mol% Ag) ©/\H

Toluene, 4 bar Hy, 24 h

60% yield
Scheme 137. Study on Ag@Al,O3-catalyzed oxidation of benzyl alcohol.
Xu et al. prepared bimetallic Ag@Fe>Oz nanocacatalysts, that were active for the condensation
of alcohols and electron-poor amines (Scheme 138, 53 to 93% yield).!*® They demonstrated
the power of their method on an intramolecular system to access 1,2-dihydroquinilines
derivatives in high yields (77-98%). The catalyst was easily recyclable up to 5 times, using an

external magnet.

EWG-NH, + R”OH R SNHEWG  53-93% vield
1.2 equiv 16 examples
< equiv. , Ag@Fe,05 (3 mol% Ag) R2 (reusable 5 times)
R >
OH Tol Ny, refl R!
R! g . oluene, N, reflux X 77-98% yield
EWG = -Ts, -Ms , 8examples
NHTSs pyrimidinyl, -carbonyl ITI R
Ts

Scheme 138. Ag@Fe20s3-catalyzed one-pot condensation of benzimidazoles.
As a conclusion, alcohol amination is a powerful method to easily and cleanly obtain N-
alkylated amines. Ag@AIl>O3 has shown great potential for this reaction, thanks to, notably, the
work of the Satsuma group. It demonstrated versatility to prepare in situ carbonyls from their
corresponding alcohols and condense them with amines or other nucleophiles. Commonly
observed features were good recyclability, and chemoselectivity to the secondary amine. The
latter property is noteworthy, because secondary amines are better nucleophiles than primary

ones.'”! In contrast with Ru or Ir-based homogeneous complexes,'>

no report of primary
alcohol conversion to primary amine with NH3 or an ammonia surrogate has been reported so
far according to our literature survey, which is an interesting development to seek.
2.4.5 Alcohol-alcohol coupling

The Satsuma group exploited their catalyst, Ag@Al>,Os, as well for the C-C coupling
of primary alcohols with secondary alcohols to form ketones (Scheme 139).!>* The catalyst
was able to perform the in sifu oxidation of the starting materials into the corresponding
carbonyls, followed by an aldol condensation mediated by C2COs (Scheme 140), before the
catalyst reduces the resulting aldol, using the hydrogen extracted from the starting material.

The scope of this reaction covered aliphatic and heterocycles-containing primary alcohols but

was restricted to benzylic substrates for the secondary alcohol coupling partner. Indeed, the
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cleavage of the a-carbon of the secondary alcohols was determined to be the rate-determining
step. However, no explanation was given to explain the chemoselectivity of the reduction of
the C=C bond of the aldol over its C=0 bond.

Ag@Al,05 (4 mol%)
OH Cs,CO; (20 mol%)

(0]
N
+ R OH >
R)\ 115-145 °C, 48-72 h R)vR'

51-80% yield
12 examples
(recyclable 2 times after calcination)

Scheme 139. Ag@Al,0Os-catalyzed alcohol C-C coupling.

OH H Q@ H
+
[Ag]
Al-O
alcohol alkene
oxidation [Ag]-H reduction
Al-OH
o Cs,CO; 0

AR T N

condensation

Scheme 140. Ag@Al,Os-catalyzed alcohol C-C coupling-mechanistic pathway.
By using dimethylsulfoxide (DMSO) as a solvent, the reaction was interrupted, after the
oxidation of the starting alcohol. The solvent can condense with an equivalent of aldehyde with
the assistance of KOH, forming a styryl sulfoxide intermediate. It can then condense with
another equivalent of alcohol to form styryl ethers (Scheme 141). This modification from the
previous example was exploited by Zhang et al., using Ag supported on carbon as a catalyst
(Ag@C, Scheme 142)."%* The presence of air was shown to be crucial for both the oxidation
steps as well as the elimination of the sulfone fragment. In order to prove their mechanism, the
authors showed that the reaction could be also conducted with one equivalent of styryl

sulfoxide and alcohol, leading to the same product.
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(?_
+ O O
Ag@C, O, H3C’S\ )\H g (o}
Ar” OH = Ar” r C >+ s'+
K-OH . ~ON
o i
ArAc/OvAr<— Ar” 0 A -5 2

Ar CIS e, NS
c

styryl sulfoxide
Scheme 141. Proposed mechanism for the formation of the styryl sulfoxide intermediate, and
subsequent formation of styryl ether.

Ag@C (1 mol%)

2 Ar” OOH KOH (1 equiv.)
DMSO N
or , > Ar/\C’O\/Ar
o) air, r.t,, 3-4 h H
AN /:'3'\ + Ar” OOH 84-93% yield
Ar ﬁ 8 examples

(recyclable 5 times)
Scheme 142. Ag@C-catalyzed alcohol homocoupling to styryl ethers, through a styryl
sulfoxide intermediate.

2.5 Reduction
25.1 Carbonyl reduction

The synthesis of many fine chemicals, particularly in the field of flavor, fragrance and
pharmaceutical chemistry involves the selective hydrogenation of unsaturated carbonyl
intermediates as a critical step.!*> The development of reduction systems able to selectively
hydrogenate unsaturated carbonyls at the C=0O bond solely are thus particularly important
(Scheme 143). The challenge here lies in the fact that the C=C reduction is more

thermodynamically favored than the C=0 one. '35’

____________________________________

Scheme 143. C=0 selective hydrogenation.
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Selective hydrogenation is well established under stoichiometric conditions using metal
hydride salts, such as NaBH4 or LiAlHs as reducers. Despite their efficiency, catalytic
alternatives are more desirable to reduce waste generation and improve safety.'*® Transition
metal NPs are particularly active for catalytic hydrogenations, and feature a wide variety of
selectivities and activities. While Ir and Os possess a high selectivity to C=0O bonds at the
expense of their activity, Pd, Rh and Ni have the opposite attributes. Pt, Ru and Co have
moderate activity and selectivity.!> In order to improve the C=0 selectivity of transition metal
NPs, another more electropositive metal or metal oxide can be added.!*® These components
will introduce Lewis acid sites able to interact with the lone pair on the oxygen atom of the
C=0 bond, polarizing it and favoring its reduction. Adding a basic species can also help
polarize the C=0 bond, although it is a little less explored.'®! Polar solvents have been reported

in the past to increase the selectivity as well.!6> Other means of increasing the selectivity have

163 164

been reported, such as NP size, * electronic and steric'** effects from the ligand/support, metal

precursor,'® oxygen pretreatment, defect sites,'%® or catalyst poisoning for PG

M 167-168

In this landscape, Ag appears as a cheap alternative to Ir and Os. Like its pricey
counterparts, Ag is very selective, but features a poor activity. Indeed, it is well established that
Ag is a poor activator of the H> molecule. H> dissociation on its surface is endothermic (40

).1% Hammer and Norskov compared by

kJ/mol) with an high activation energy (125 kJ/mol
DFT calculation the dissociation of Ha over (111) surfaces of Ni, Cu, Pt and Au.” Although
they did not specifically consider Ag, their conclusions on Cu and Au are easily extendible to
all coinage metals. The bonding between the H> molecule and a transition metal surface
proceeds via two main interactions, which are allowed by symmetry. On one hand, the ¢ orbital
of H> can engage into interacting with the ns orbital of the metal. On the other hand, the filled
d orbitals of the metal can back donate into the empty ou* of H>. Both interactions are important
in securing the weakening and ultimately the breakage of the H> bond. However, for coinage
metals such as Ag, the Fermi level is higher than for other metals. In particular, the d/cu*
interaction, resulting in a bonding and an antibonding state, becomes populated with 4
electrons, thus leading to a repelling interaction. This explains why coinage metal are less
reactive than other transition metals towards the activation of Hp.!70-17!

Interestingly, in the presence of surface oxygen, the process becomes highly exothermic
(-200 kJ/mol) with a more favorable activation barrier (70 kJ/mol).!”* These results were shown
by DFT calculations by Rosch ef al., who eventually demonstrated that subsurface oxygen also

have the same effect.!'”> Consequently, oxygen pre-treatment of the catalyst has a strong

positive influence on C=0/C=C selectivity, as shown both theoretically and experimentally.'”*
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The pretreatment effect is durable as shown by Claus et al., !7°"17 since re-treating the catalyst
with hydrogen afterwards did not lead to loss of selectivity. This stems from the slight
dissolution of subsurface oxygen in Ag (especially on defect sites), creating more
electropositive Ag®" sites that are more polar and favor C=0O adsorption. Finally, the authors
show by XPS and catalytic tests that the surface is not equivalent to a silver oxide Ag>O surface.

Various groups correlated a greater proportion of (111) Ag facets to a higher yield towards
the unsaturated alcohol. Wei et al. also noticed that at higher pressures, selectivity to C=0 bond
increases for acrolein hydrogenation, though the product tends to isomerize to propanal.
Indeed, as the pressure increases (from 1 to 5 atm) the silver surface gets saturated in substrate,
that preferably coordinates through the C=0 bond. At lower pressures, acrolein can coordinate
in a parallel way to the surface; making the C=C bond available for reduction.

In contrast with other reports, Lambert et al. found that high gas pressure reduced
chemoselectivity, by looking at the adsorption geometry of crotonaldehyde on a silver (111)
surface in gas phase.!”” Under low substrate coverage on the surface conditions, they showed
that the C=0 bond will be parallel to the metal surface, whereas the C=C is tilted so it cannot
interact. This tilting decreases at higher surface coverage, making the C=C bond almost parallel
to the surface, and making it available for hydrogenation.

Typical model substrates for C=0O selectivity tests are o,B-unsaturated aldehydes, due to
their industrial relevance. Besides the C=C/C=0 selectivity issue, they can also go through
double bond isomerization, or C-O hydrogenolysis. Because it has the least sterically hindered
C=C bond, acrolein is the probably the most challenging substrate. Another typically studied
substrate is citral, that possesses two different C=C bond, and yields industrially relevant bulk
products, such as citronellol. It is prone as well to acetalization, and cyclization to terpenes,
making it even more challenging.!”®

De Vos et al. reported one of the first examples of Ag NPs in liquid phase for selective
hydrogenation.!” They used Ag’ and Co® nanocolloids (4 and 20 nm respectively) for the
selective hydrogenation of a,B-unsaturated aldehydes to allylic alcohols, with moderate to high
yields and selectivity (Scheme 144). The selectivity was boosted using Lewis acid promoters
(Fe?, Sn*"), and amide solvents such as dimethylformamide (DMF) or dimethylacetamide
(DMA), as they helped stabilize the colloid suspension. However, alcohols and water led to
acetalization and catalyst deactivation. In the case of citral, the catalyst proved to be recyclable
up to 3 times with good selectivity retention despite a slight conversion drop due to loss by

filtration.
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AgP colloids (0.5 mol%)
R0 - RTX"OH
DMA, 20 bar H,, 12-60 h, 50 °C

2

AN
P X-"N0 P 0
85% yield 70% yield | 69% yield
93% selectivity 76% selectivity 73% selectivity

(recyclable 3 times)

Scheme 144. Ag® colloid-catalyzed selective hydrogenation of a,B-unsaturated aldehydes to
allylic alcohols.

Bron et al. exploited the oxygen pre-treatment of Ag@SiO: in acrolein hydrogenation. '
They demonstrated that an oxygen treatment increased the hydrogenation activity from two- to
three-fold, as well as the selectivity, and the best overall results were obtained under
subatmospheric pressure. The catalyst was made from SiO> impregnation with AgNOs3
followed by calcination, and shortly after Steffan er al. showed that Ag carboxylate as a
organic-soluble precursor could also be used.'®!

Doping Ag with InoO3 provides additional Lewis acid sites, and proved to increase the
selectivity for crotonaldehyde reduction by Tian et al.'®? Indeed, by adding In2O3 (1.9 wt% In)
into SBA-15 supported silver (6.1 wt% Ag), the selectivity of crotonaldehyde hydrogenation
into crotyl alcohol can be boosted from 54% to 87%, at the cost of a longer reaction time
(Scheme 145). NP size strongly affected the selectivity, which is consistent with previous
reports.'8318 Smaller size increased the amount of uncoordinated silver, making them more
electropositively charged and coordinate selectively C=O bonds over C=C bonds.

M@SBA-15

/MO > /\/\OH
hexanes, 140 °C, 20 bar H,

crotonaldehyde

Ag@SBA-15: 245 min, 51% yield, 54% selectivity
Ag-In@SBA-15: 740 min, 86% yield, 87% selectivity

Scheme 145. Effect of InoO3 on Ag@SBA-15 catalyzed crotonaldehyde hydrogenation.
Kaneda et al. studied a different setup, where a core-shell structure was design with an Ag
NP as core and a shell of CeO». The resulting nano-composites were dispersed onto CeO»
(CeO@Ag@Ce0O2). This system allowed both high activity and selectivity for the
hydrogenation of a whole range of unsaturated aldehydes (Scheme 146).!3 The role of CeO>
was rationalized as following: its strong interaction with Ag as a ‘macroligand’ and its basicity
assisted in the heterolytic cleavage of H> to Ag-hydride and proton. This hydridic character is

the most likely explanation for the high chemoselectivity towards carbonyls of their catalyst.
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AgNP@CeO,-D (3 mol% Ag)
R0 - RTX"OH
THF, 150 °C, 3-24 h, 15 bar H,

92-100% yield
81-99% selectivity
18 examples
(recyclable 3 times)

Scheme 146. CeO2@Ag@CeO»-catalyzed hydrogenation of unsaturated aldehydes.

Extremely small Ag NPs (1.3 nm £ 0.3 nm) were produced from the slow Ag" leaching of
a bulk piece of silver, and there reduction onto cellulose nanocrystals (CNC) in water, with no
external reducing agent, as shown by our group. !¢ These NPs can catalyze the hydrogenation
of aldehydes and nitrophenol in water (Scheme 147) while being easily re-used up to 4 times.
However, the catalyst was also active for C=C bond hydrogenation.

AgNP@CNC (80 ppm) 0]
R&O -

H,0, 100 °C, H, (40 bar), 24 h R™ 'H

43-100% yield
6 examples
(recycable 4 times)

Scheme 147. AgNP@CNC-catalyzed hydrogenation of aldehydes and nitroarenes in water
(not shown).

A similar system was designed, also by our group, where Ag was supported under
microwave irradiation on a magnetic support made of magnetite and carboxymethyl cellulose
(Ag-Fe3;04@CMC)."8” The system was easily recyclable using an external magnet, and was
shown to be fully selective to C=0O bonds in citral and a-methyl-trans-cinnamaldehyde
(Scheme 148).

o Ag-Fe;0,@CMC (6.5 mol% Ag) OH

R™ R H,0, 100 °C, H, (40 bar), 24 h R™ R

0 o §
J

R™ R |

15-100% yield >99% vyield
10 examples 100% selectivity

; 67% yield
lable 5 t
(recyclable 5UMes) 5o, selectivity

Scheme 148. Ag-Fe;04@CMC-catalyzed hydrogenation of aldehydes in water.
Ag can be alloyed with other metals such as Pd, for example by partial galvanic
exchange.!®® Zamborini et al. showed that adding up to 9% of Ag into Pd increased its

chemoselectivity to C=0 bonds, but also the NP stability towards the exposition to hydrogen
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gas and hydrogenation substrates.'®’

In conclusion, Ag has been shown both theoretically and experimentally to possess an
exceptional potential for C=0 chemoselective hydrogenation. Compared to homogeneous
complexes, the heterogeneity of Ag NPs gives further options for catalyst tuning, such as NP
size and oxygen pre-treatment. These parameters permit the superior selectivity of Ag against
Pt-group metals, whether it was tested on challenging substrates (acrolein) or industrially
important molecules (citral).

2.5.2 Reduction of Alkynes

The reduction of alkynes to alkenes (semihydrogenation) is a key reaction in the chemical
industry. Typically, this reaction is of crucial importance to the purification of olefin streams.'”
The Lindlar catalyst is one of the most widely used for this reaction: it consists of Pd/CaO3
poisoned with Pb salts to trigger alkene selectivity. Despite its ubiquity, Pd has a number of
disadvantages for alkyne semihydrogenation. Most notably, it is toxic, and it lacks selectivity
towards alkenes. Alternatives to Pd catalysts are being actively sought out. However, metals
like Ag, despite being highly selective towards alkenes tend to lack in activity.

A creative solution to this issue, based on a core-shell nanostructure, has been offered by
Kaneda et al.'”' With a core of Pd and the shell of Ag, the selectivity of Ag could be combined
with the activity of Pd. It was hypothesized that the Pd core could enhance the activity of the
shell by acting as a hydrogen source. The shell permits better selectivity by forbidding any
contact between the alkyne and Pd atoms. This model afforded quantitative yields across 16

alkynes (Scheme 149). Additionally, the catalysis was re-usable without activity loss up to 5

times.
Ag@Pd
R' (0.066 mol% Ag, 0.33 mol% Pd) o~
= . 7 R
R H, (1 bar), r.t., 1-15 h, EtOH R
91-95 % isolated yield
15 examples

(recyclable 5 times)

Scheme 149. Core-shell Ag@Pd for alkyne semihydrogenation.
Pérez-Ramirez and coworkers offered another approach using non-modified Au and Ag
NPs.'”? The limited hydrogen activation of these NPs is of particular interest to cause high
alkene selectivity. The use of supported Ag NPs of different sizes was investigated and
compared with traditional Pd based catalysts under flow chemistry conditions for the three-
phase hydrogenation of alkynes. NPs synthesized had spherical shapes with mono-dispersed

size distribution (around 4.5 nm), which maximizes the number of active sites. In the case of
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Ag, the best support material was found to be SiO», apparently because this support allowed to
maximize Ag content, resulting in excellent stereo (-Z) and chemoselectivity in the
hydrogenation of functionalized alkynes. This result is of particular interest because of the low
cost of Ag compared to Pd.

The same authors further studied the semihydrogenation of propyne to propene using
supported Ag NPs, with alkene selectivities up to 93%.'°? But most notably, they were able to
provide new insights into the mechanism of the selective hydrogenation of alkynes on Ag
surface. They demonstrated that the partial hydrogenation of propyne follows an associative
scheme where adsorbed H> directly reacts with the alkyne, as opposed to the dissociative
Horiuti-Polanyi mechanism. This adsorption occurs preferentially at B5 step sites, the surface
density of which is optimized when the NPs have a 4.5 nm diameter. The heterolytic splitting
of H> was shown by DFT calculations to be the rate limiting step, and over-hydrogenation of
propyne is hindered by a large energy barrier (1.01 eV). These findings have been recently

consolidated by Hughes et al. 1

who confirmed that the hydrogenation reaction of acetylene
to ethylene over Ag NPs followed a non-Horuiti-Polyani mechanism.

Copéret and coworkers investigated the effect of surface passivation on the activity and
selectivity of SiOz-supported Ag NPs in the semi-hydrogenation of alkynes.!** Research into
Si0; surface passivation is of interest because it has previously been shown that it could have
a key role in the formation of undesirable by-products '°°. In this case the hydroxy groups on
silica are known to be responsible for these by-products. Their system offered up to 90%
selectivity in the hydrogenation of propyne, they showed that propene selectivity was
independent of surface passivation. Unsurprisingly, surface passivation also was responsible
for a decreased reaction rate.

2.5.3 Reduction of Epoxides

Deoxygenation of epoxides into the corresponding alkenes is a vital reaction in biological
systems for the production of vitamin K.'%° It is also a very important reaction in total synthesis
for the deprotection of the oxirane ring, a protecting group for C=C bonds.'*’"!*? The reaction

is usually carried out using a stoichiometric or excess amount of reducing agents, such as

1 202-203 205-206 207

phosphines,?? silanes,*! iodides, sodium,?** hydride salts , and tungsten salts,

with a concomitant formation of copious amounts of waste. More recent developments involve
the use of catalytic amounts of rhenium salts and hydrogen,?®® polyphosphoric acids,*” or
titanium dioxide with /PrOH as a photocatalytic reducing system.>!°

Ag NPs for epoxide deoxygenation has been mostly explored by Kaneda and co-

workers.?!! Using hydrotalcite (HT) as a support, they made Au and Ag NPs-based catalyst for
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epoxide deoxygenation (Scheme 150). Using iPrOH as a reducing agent, they managed to
reduce a wide scope of epoxides with this catalyst. Notably, Au proved to be superior to Ag as
more substrates could be reduced, including aliphatic epoxides while Ag mostly worked for
benzylic epoxides. The catalyst proved to be recyclable by simple filtration.

0 Ag/HT (2 mol%) or Au/HT (0.45 mol%) R
A ? /:9
! R? Toluene, iPrOH (10 equiv.) R
110 °C, 4-24 h, Ar
Ag: 13-99% yield Au: 72-99% yield
<99% selectivity <99% selectivity
(9 examples) (15 examples)

2

Scheme 150. M NPs@HT (M=Au or Ag) for epoxide transfer hydrogenation.
A tentative mechanism was shown, based on control experiments. HT bears basic sites
[B] that can deprotonate the alcohol, while Ag operates hydride abstraction by B-elimination
from the alkoxide. It is worth noting that this pathway is very similar to AgNPs@HT-catalyzed
alcohol oxidation, also reported by Kaneda as well (see section 2.4.1).''® The generated
intermediate, Ag-H/[B]-H" is then able to open the epoxide cycle, which then gets dehydrated

into the alkene product (Scheme 151).

OH
/:e‘RZ . H0 P
| @
alcohol

R

i deprotonation
dehydration HT: hydrotalcite P

[B]: basic site
> O
/o (‘b
Ve -
® WD
\ ri?]?ng H ketone
elimination
O 0
R1AR2 *H"@ )K

Scheme 151. Mechanism for Ag NPs/HT-catalyzed epoxide deoxygenation.
The same group also showed that the reducing agent could be also switched to H,O/CO,

showing superior performances at the cost of a higher catalyst loading (Scheme 152).%!2
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Ag/HT (13.5 mol%)

o) 9 bar CO R2
R1AR2 ) » 1/:3*‘
THF, H,0 (1.4 equiv.) R
110 °C, 2-24 h

80-95% yield
<99% selectivity
(11 examples)

Scheme 152. Hydrotalcite-supported Ag for epoxide transfer hydrogenation under CO
atmosphere.
Kaneda et al. reused another Ag-based catalyst, Ag@CeO,, to perform epoxide
deoxygenation.?'® Using H> gas this time as a reductant, they managed to deoxygenate a
broader scope of epoxides with notably higher yields (Scheme 153). Here again the basic sites

on CeOz helped cleaving hydrogen into the active species, working in synergy with Ag.

') Ag@Ce02 R2
2N -
R R Toluene, H, (6 bar) R
110°C,6-24 h

95-97% yield
<99% selectivity
(10 examples)

Scheme 153. Ag@CeO»-catalyzed epoxide deoxygenation.

In conclusion, the Kaneda group is, to the best of our knowledge, the only group that
successfully reported Ag NPs for epoxide deoxygenation. Using various supports containing
basic sites, and a variety of reducing agents, they showed the viability of Ag NPs as recyclable
catalysts.

2.5.4 Nitro compound reduction
In the industry, the hydrogenation of nitrobenzene is a crucial step in the production of

214217 ysing typically Raney Ni or Pt/Pd on carbon as hydrogenation catalysts, with Ha

aniline,
as a reductant at temperature of 200-300 °C. The use of reductants such as NaBH4 is not
realistic on a big scale, because of their price and generation of stoichiometric amounts of
waste. Despite these limitations, the catalytic reduction of 4-nitrophenol using NaBHj4 is
heavily studied by many research groups. This interest is mainly driven by the fact this reaction
is extremely fast and easy to set up, as it can be followed by visible spectrophotometry, with
the decrease of the sharp peak at 400 nm from the starting material.>'> Typically, under mild
conditions with Au NP or Ag NPs, this 6-electron reduction process readily reaches completion
within 5 minutes in water.?!® For these reasons, 4-nitrophenol reduction has become a

benchmark for metal NP catalytic activity and is probably the most studied NP-catalyzed

reaction. For instance, the first example on Ag NP application to catalysis, reported in 2002 by
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Pradhan.?!” Because of this importance, it has been already reviewed extensively. For instance
the reader is referred to a feature article of Pal and coworkers for general considerations on this
reaction, including mechanism,?'® and a review by Blaser et al. for a review of this reaction.'®
In this chapter’s framework, the reduction of nitroarenes using hydrogen gas will be solely
covered, due to their higher relevance for industry. The first example was reported by Chen et
al. in 2005, using Ag@SiO> (Scheme 154).2!° The authors used o-chloronitrobenzene as a
model substrate, showing a full conversion and selectivity, satisfyingly with no

hydrodechlorination side reaction.

Ag@SiO, (1 mol% Ag)

20 bar H,
NO - NH
Arm 2 ~ A2
EtOH, 140 °C, 3 h
94-100% vyield
7 examples

(recyclable 3 times)

Scheme 154. Ag@SiO;-catalyzed selective hydrogenation of nitroarenes.
The Satsuma group used Ag@Al>Os3 for nitroarene hydrogenation instead, showing that their
catalyst was compatible as well with olefinic groups using 4-vinylnitroarene as a model
substrate (Scheme 155).22° By decreasing the catalytic loading (from 2 to 0.2-0.8 mol%) and
increasing the reaction from 1 h to 20 h, they also performed the reaction in presence of
carbonyl, nitrile and amide functions with full selectivity. Later on, our group showed that the
nitrophenol reduction could also take place in water, using Ag supported on crystalline
nanocellulose (Ag@CNC).!86
Ag@AIl,05 (0.2-2 mol% Ag)

30 bar H,
- NH
Ar/NO2 > A 2
THF,160 °C, 1-20 h
86-100% vyield
5 examples

(recyclable)

Scheme 155. Ag@Al>Os-catalyzed selective hydrogenation of nitroarenes.

Paun et al. showed that Ag@Al>,O3; was applicable in a flow system (50 bar H», 80 °C, 0.2
mL/min, 70 s residency time for full conversion).??! Artiukha et al. further developed nitroarene
hydrogenation in flow systems by adding aldehydes to the mixture, to perform reductive
amination (Scheme 156).22 Notably, the scope was limited to nitroarenes as surrogate
nucleophiles though it was tolerant to aliphatic aldehydes. The accumulation of a carbonaceous
deposit on the catalyst led to catalyst deactivation after the third cycle, but an oxidative

treatment in air helped regenerating the catalyst.
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Ag@AI,O5
30 bar H, (5 mL/min H
Ar/NOZ + R-CHO 2( ) > _N R
Toluene,100-110 °C Arm

flow, 60 mL/min 41-92% yield

16 examples

Scheme 156. Ag@Al>Os-catalyzed reductive amination in flow.
Cardenas-Lizana et al. showed that Au NP and Ag NP supported on TiO> was suitable for gas
flow reduction of nitroarene, though with no chemoselectivity test.???

2.6 Alkynylations
Alkynes are very valuable chemical synthons, able to react by CH activation, or by direct
reaction via their triple C=C bond to build up molecular complexity rapidly and in a controlled
fashion. Ag is a metal of choice for this chemistry, because of its known ability to coordinate
to triple C=C bonds. Ag complexes have been exploited to this end, below we will focus on the
heterogeneous Ag reactivity.?*
2.6.1 Cyclizations
Van der Eycken et al. successfully used AgNPs supported on SBA-15 mesoporous SiO>
to cyclize 3-substituted indoles into 3-spiroindolenines, with a loss of aromaticity on the
heterocycle (Scheme 157).*> The starting materials were easily made using the Ugi
condensation. The catalyst was recyclable up to 10 times with no activity drop and worked for
many types of 3-substituted indoles, with the exception of internal alkynes. Hot filtration
experiments showed the heterogeneous nature of the catalyst, and transmission electron

microscopy (TEM) studies showed that the catalyst started aggregating by crystal ripening

somewhere between 40 and 60 °C.

R! /RZ
N /
— Ag@SBA-15 (5 mol%)
Ny O EtOH, 28-60 °C, 1-3 h
N
H

11-99% yield
16 examples
(recyclable 10 times)

Scheme 157. Ag-Al@SBA-15-catalyzed 5-exo-dig spirocyclization of indoles to
3-Spiroindolenines.
Here, a 5-exo-dig cyclization was mostly observed, in contrast with other reports where a
5-endo-dig process occurred. Indeed, Unsworth et al. reported silver nitrate supported on silica

(AgNO3@Si02) as a Ag NPs surrogate for alkyne-tethered alkynes with a reverse selectivity
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(Scheme 158).226227 AgNO3@SiO2 was formerly used in the 1960s as a support for column
separation of Z- and E- alkenes and can be bought as a commercial product.??® The author
showed that Ag NPs were formed in situ, as evidenced by TEM imaging, which explains the
induction period time for the reaction (2 h). Finally, they exploited the heterogeneous catalyst

to perform a flow reactor experiment to prepare 20 g of spirocycle.

94-100% vyield
5 examples

X
|// AgNO;@SiO; (1-10 mol%) R 86-09% yield
> - (o]
HO H|H CH,Cl,, 15 min-24 h 6 examples
R? 25-45°C
R (recyclable 5 times and
\//’__‘\ O suitable for flow synthesis) _1
QN)/\"% R\// \ N\
N « 91-100% yield
H||| ” — 8 examples
R? R?

Scheme 158. AgNO3;@Si0; catalyzed 5-endo-dig spirocyclization of heterocycle-tethered
alkynes to spirocycles.

Aurones are structural isomers of flavones, and such heterocycles could be potential
antifungal agents and antioxidants.””* They can be obtained by oxidation of 2,3-
dihydrobenzofuran-3-ol precursors. Yu et al. showed that these precursors can be obtained from
2-(1-hydroxy-3-arylprop-2-ynyl) phenol cyclization, using Ag NPs supported on carbon black
(AgNPs@C).?*® Along with triphenylphosphine and N,N-diisopropylethylamine, the catalyst
was able to generate 2,3-dihydrobenzofuran-3-ol derivatives in high yields, at room

temperature in a mixture of toluene and water (Scheme 159).

AgNPs@C (10 mol%)
OH iPr,NEt (10 mol%)

1
R § PhsP (10 mol%)
- O toluene/water, r.t., 1-3h
R3

83-92% vyield R3
13 examples
(recyclable 3 times)

Scheme 159. AgNPs@C for 2-(1-hydroxy-3-arylprop-2-ynyl)phenols cyclization.
Finally, Madhavan et al. used Ag supported on silica (Ag@SiO>) for the one-pot 1,3-dipolar
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cyclization of azomethine ylides with 2’-hydroxychalcones to make highly functionalized
pyrrolizidines and indolizidines.?*! The recyclability was excellent, with a good selectivity

towards the exo- cyclization product (Scheme 160).

) ¢ i 9 ) 4 Ar=
\”/\COZH Ag@SiO, (4.5 mol%) SN R" HOT)
. MeCN, 80°C, 2-36h R 000/
O R\~ A R . 25-99% vyield
)J\ r 18 examples
R” R O 0) up to 92:8 endo:exo ratio

(recyclable 7 times)

Scheme 160. Ag@SiO: for pyrrolizidine and indolizidine synthesis.
2.6.2 A3 coupling
The first example of A® coupling catalyzed using a Ag complex in water was reported by
Li et al.?*? and was expanded eventually to work in ionic liquids.?** As opposed to earlier

234 or Ru-In in water,?*> Agl works better on aliphatic aldehydes and slower

systems with Au
on benzylic aldehydes.

An early example of heterogeneous Ag for A coupling was reported by Lingaiah et al.
where they used 12-tungstophosphoric acid as a support for Ag (Scheme 161, AgsPW12040),%
prepared according to a previous report.?’

. R
e R e AgzPW 1,040 (0.1 mol%) |/\NR1R2

1.3 equiv 1.2 equiv MeCN, 80 °C, 6h R

70-98% yield
13 examples
(recyclable 4 times)

Scheme 161. AgsPW1,04-catalyzed A* coupling.
By simply bubbling H> gas into PEG in the presence of AgNOs, Zhou et al. obtained Ag
NPs (8-10 nm) suspended in solution that were used for A coupling (Scheme 162).2°% The
catalyst could be re-used up to 3 times though at the cost of increasing reaction time at each

recycling.

1,2 R
Ag NPs in PEG (1-2 mol%)
R Xg+ R—= + N > = N
H R’ 1.2

100 °C, 10-20 h

1.5 equiv 1.1 equiv
77-97% vyield
10 examples
(recyclable 3 times, with extended reaction times)

Scheme 162. Ag in PEG for A* coupling.
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Heravi et al. made a magnetic hollow Fe,Os shell as a support for Ag NPs, with SiO; and
cyclodextrin as a support (Ag@CD@SiO2@h-Fe203).2*° Upon short sonication times, the
catalyst was able to condense carbonyls (both aldehydes and ketones), alkynes and secondary

amines in high yields (Scheme 163).

: 2 R R
i R®  Ag@CD@Si0,@h-Fe,04 i
R Yo + = R"+ R1NH & N
H20, )))) (70 W) R" R’
1.1 equiv 7-20 min 85-97% isolated yield
19 examples

(recyclable 5 times)
Scheme 163. Magnetically recyclable silver for A* coupling.
Movahedi et al. immobilized Ag NPs on ionic liquids supported on ZnO
(AgNPs@IL@ZnO, Scheme 164).**" The ILs grafted on the ZnO surface enables the
stabilization of small and crystalline Ag NPs (6-10 nm), which in conjunction with water favors

the contacts of the substrates with the catalyst surface.

R
AgNPs@IL@ZnO (0.6 mol% Ag) _R?
PN — R ,R2 _ P N
R \O + R _— + N > ' / \ 1
H H,0, 100 °C, 3-10 h R R
1.2 equiv 1.1 equiv 85-97% isolated yield
25 examples

(recyclable 4 times)
Scheme 164. A® coupling catalyzed by AgNPs@IL@ZnO.
Ag>0 nanocubes can be used for A coupling at room temperature in chloroform, as
reported by Sun et al. (Scheme 165),>*! while Ag,O commercial powder does not work due to

a smaller surface area.’*?

Ag,0 NP (5 mol%) -
R&O + + HNR1R2 > // NR'R
Z CHCls, 1t, 10 h

1.2 equiv 1.1 equiv

25-94% yield
15 examples
(recyclable 6 times)
Scheme 165. Ag>O nanocube-catalyzed A® coupling at room temperature.
Wang et al. supported silver oxide on alumina (Ag2O@AIl203) and multi-wall carbon
nanotubes (Ag2O@MWCNT) for A3 coupling in water (Scheme 166).2** Unfortunately, they

showed that their catalyst was reduced to Ag(0) during the reaction, making it unrecyclable

(showing around a 20% yield drop per cycle).
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Ag,O@AI,O5 (1.8 mol%) or
Ag,O@MWCNT (2.0 mol%) R

1R2
l/\NRR

78-98% yield
18 examples
(not recyclable)

|

RYg + R./ + HNR'R?
H,0, 100 °C, 10 h R
1.2 equiv 1.5 equiv

Scheme 166. Ag;0@ALO; or Ag20@MWCNT-catalyzed A* coupling in water.
Islam et al. prepared Ag NPs supported on graphene (AgNPs@Gr), that exhibit high
activity for A3 coupling and the Huisgen condensation (Scheme 167).2* The catalyst proved to

be recyclable up to 5 times with neither NP aggregation nor leaching into the solution.
R

AgNPs@Gr (0.1 mol%)
R&O + R|/// + HNR1R2 > _ NR1R2
DCM, 25-60 °C =
. . 10-24 h
1.1 equiv 1.1 equiv 71-98% vyield
18 examples

(recyclable 5 times)
_— AgNPs@Gr (0.5 mol%) Nx
v F - R-N N

R_N Rl L
’ H,0, 25-60 °C %R,
1.2 equiv 8-10 h
90-96% vyield
13 examples

Scheme 167. AgNPs@Gr for A® coupling and click reaction.

Liu et al. supported Ag NPs on mesoporous silica (AgNPs@SBA-15) for A3 coupling in
ethylene glycol.?*> The catalyst was recyclable up to 4 times, after which the yield drops
drastically to a third of its former value (Scheme 168).

AgNPs@SBA-15 (5 mol%) R
R&o + R'/ + HNR'R2 - - /\NR1R2
ethylene glycol, 100 °C, 30-240 min R 4

1.5 equiv 1.2 equiv

40-95% yield
14 examples
(recyclable 4 times)

Scheme 168. A? coupling catalyzed by Ag@SBA-15-6 in ethylene glycol.
Ghasemzadeh et al. reported the Agl NPs catalyzed one-pot synthesis of benzofurans,
made by the A3-coupling of salicaldehydes, phenylacetylene and secondary amines followed

by the cyclization into the desired product (Scheme 169).24¢
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© 1R2
g Agl NPs (10 mol%) X NR'R
OH + + HNR'R? - N Ph
Z H,0, 55-120 min, 100 °C
X o
- 0, i
2 equiv 1.5 equiv 85-97% yield

12 examples
(25% drop after 6 cycles)

Scheme 169. Agl NP-catalyzed one-pot synthesis of benzofurans.

Supramolecular structures can be used to finely tune the properties of a heterogeneous
catalyst, such as pore size with a maximal surface area.>*’ In the two following examples,
exceptionally mild conditions can be attained with Ag supported on MOF.

AgNOs can self-assemble with a 1,4-bis(4,5-dihydro-2-oxazolyl)benzene ligand (L) to
form a three-dimensional supramolecular structure [Ag(L)(NO3)], as proved by Yu ef al. to
catalyze the A® coupling reaction at room temperature in air (Scheme 170).23 It is worth noting
that the Ag acetylide formed during the reaction usually needs to be protected from air to attack
iminium cations, whereas in this case the supramolecular structure gave a better stabilization,

therefore allowing aerobic conditions.

(0]
[Ag(L)NO)] (1.9 mol% Ag) R S
N

Pz
RNg + .7 + HNRR? NR'R?
R CHCly, rt.,, 3-12 h, air FZ

1.2 equiv 1.1 equiv R . &\
36-94% yield o L

12 examples
(recyclable 4 times)

Scheme 170. A® coupling catalyzed by a silver supramolecular structure.

Wang et al. used a Ni-based MOF as a template for Ag NPs.?*’ The use of a MOF enabled
steric selectivity, allowing the reaction to go fast for small aliphatic aldehydes such as
formaldehyde, and considerably slower for aromatic or branched aliphatic aldehydes (Scheme
171).

Ag/Ni-MOF (0.3 mol%) R

RS0+ R./ +  HNR'R? - _NRIR?
MeCN, 60-80 °C, 10-120 min, N, 7

1.5 equiv 1.2 equiv

66-95% yield
25 examples
(recyclable 5 times with increasing reaction times)

Scheme 171. MOF-supported Ag for A® coupling.

Aldehydes can also be used rather than imines to make propargyl alcohols as shown by
Yu et al.*° Different supports for Ag NPs in presence of triphenylphosphine were tested (SiO2,
AL O3, TiO2 and Ce03), and AgNPs@TiO, proved to be the most suitable catalyst (Scheme
172).
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AgNPs@TiO, (5 mol%)

R Et3N (40 mol%), PPhs (10 mol%) HO
PO - — R'
R \O + \ > >TR
H,0, 60 °C, 12 h R
3 equiv 34-98% yield
15 examples

(recyclable 2 times)

Scheme 172. Ag@TiO»-catalyzed addition of alkynes to aldehydes.

AgNPs@TiO> was further studied by Wang et al., by supporting them on a PMHS-based
semi-interpenetrating networks (Ag@TiO.@PMHSIPN).2>! PMHS is a polymer bearing Si-H
moieties, that can be co-polymerized with ethyl acrylate to form an interpenetrating network.
TiO; was easily dispersed on this network, and the overall serves as a composite support for
Ag NPs. Two different NP size distributions were obtained by varying the reaction time of the
synthesis: 10-30 nm (B), and 80-120 nm (A). The catalyst A was sufficiently active for alkyne
addition to trifluoromethylketones in water, affording high yields (88-98% yield) after 2 hours
at 60 °C (Scheme 173). Then, the authors further expanded the scope by exploring a,p-
unsaturated trifluoromethyl ketones, though they used catalyst B to retain the high activity (83-
95% vyield). Lastly, the addition to aldehydes proved to be more sluggish, requiring 24 h of
reaction time, as well as the addition of 10 mol% of 2,2,2-trifluoro-1-phenylethanone
(PhCOCF3) (67-99% yield, with a 20-40% yield due to the additive). The role of PhCOCF3 is

still unclear, though the authors propose that it activates the silver phenylacetylide intermediate

towards the aldehyde.
R
0 HO catalyst A, 2 h
)y F30>‘\ 88-98% isolated yield
R CF3 Ag@T|02@PMHS|PN R' 24 examples
A or B (5 mol%) HO CF
O 3 catalyst B, 2 h
- PPh; (10 mol% yst B,
/\)J\ + R\\\ 3 ( ) RN N\ 83-95% isolated yield
R CFs . H,0, 60 °C, 2 h R 6examples
3 equiv
O A: 80-120 nm oH catalyst A, 24 h
RJ\H B: 10-30 nm NPs R X PhCOCF; (10 mol%)
N\ 67-99% isolated yield

15 examples

Scheme 173. Ag@TiO2@PMHSIPN-catalyzed addition of alkynes to carbonyls.
2.6.3 Alkyne coupling to carbon dioxide
Zhang et al. grafted Ag NPs on a polymer containing N-heterocyclic carbenes (Ag@P-
NHC) and use it for the synergistic coupling of alkynes to CO2 and form alkynyl carboxylic
acids.?® According to their proposed mechanism, the poly N-heterocyclic carbene acts as an

organocatalyst that can do a nucleophilic attack on CO,, forming an NHC-carboxylate (Scheme
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174). Concomitantly, Ag in presence of a base and the alkyne can form silver acetylide, that
can attack the carboxylate and release the product.

1 - Ag@P-NHC (0.3 mol%)
1.2 Cs,CO3, DMF, 25 °C, 15 h
Ar————H + C02 Ar
(1 bar)

COOH

92-95% isolated yield
14 examples
(recyclable 5 times)

2,
N N
[ Csp-H activation
(with the base)
NM \'er}
a

CO, ngcle.oph|llc Ag@P-NHC
activation

Scheme 174. Ag@P-NHC-catalyzed carbon dioxide addition to alkynes, schematic
representation of Ag@P-NHC (polymer linkers were omitted for clarity).
Interestingly, Yang ef al. used a MOF (MIL-100(Fe)) as a support for small Ag NPs (1.5

nm in average) to capture carbon dioxide and couple it to terminal alkynes to afford the

carboxylic acid (Scheme 175).2%

Ag@MIL-100(Fe) (2.2 mol%)

1.5 Cs,CO4, DMF, 50 °C, 15 h
Ar———H + CO, » Ar———COOH

(1 bar) 95-99% yield
5 examples
(recyclable 5 times)

Scheme 175. Ag@MIL-100(Fe) for carbon dioxide capture and coupling to terminal alkynes.

Lastly, Huang ef al. reported a framework of mesoporous knitting aryl network polymers
as a support for Ag NPs (Ag@KAPs-P, Scheme 176).'”* The support provided a CO> sorption
capacity of 17 cm®/g, as opposed to 25 cm®/g for the MIL-100(Fe) MOF in the previous
example. However, a much lower loading was used (0.01 mol% Ag instead of 0.3-2.2 mol%
Ag for the previous reports), affording a high TON of 9936 which is the highest reported so far
for the conversion of CO; into alkynyl carboxylic acids.

Ag@KAPs-P (0.01 mol%)
1.5 Cs,CO5, DMSO, 60 °C, 10 h

R ——H + CO, R ——COOH
(1 bar) .
85-98% yield
7 examples

(recyclable 5 times)

Scheme 176. Ag-supported on aryl network polymers for carbon dioxide coupling to terminal
alkynes.
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2.6.4 Alkyne cross-coupling

The coupling of alkynes to an aryl halide is the famed Sonogashira coupling. It is
classically conducted using Pd homogeneous catalysts with Cu as a transmetallation agent,
although Cu alone emerged as a suitable catalyst (both homogeneous complexes and NPs).2>*
Au also was proven to catalyze the Sonogashira coupling in homogeneous catalysis,?*> and it
was unambiguously proven that it was also able to act as an heterogeneous catalyst.?*°

Pd/Au/Ag trimetallic NPs have been reported by Santhanalakshmi et al. as stable and
reusable nanocatalysts for the Sonogashira cross-coupling (Scheme 177).%7 The trimetallic

nanoparticle had a slightly higher activity than pure Pd NPs (99% and 94% yield respectively)

while using comparatively less Pd.

Pd/Au/Ag NP (0.5 mol% total, Ph
©/X R 1:1:1 Pd:Au:Ag ratio) - =
R — o TN
% K,COj3 (3 equiv), DMF-H,0 (3:1) RT P
120 °C, 3 h

30-99% yield
8 examples
(recyclable 3 times)

Scheme 177. Pd/Au/Ag trimetallic NPs for Sonogashira coupling.

However Ag alone has not been reported for such reactions yet, with the exception of an
early study by Lambert group.?*® In this work, preliminary theoretical and experimental results
for chlorobenzene-phenylacetylene coupling over a metallic (100) Ag surface were provided.
In a vacuum environment, the molecules underwent cross-coupling on the catalyst surface,
adopting a flat-lying conformation during the process. In the condensed phase however, due to
the two starting materials forming mutually exclusive, pure ‘islands’ on the metal surface,
homo-coupling was favored. In their conditions at 105 K, desorption of the unreacted starting
materials was predominant, accounting for the low coupling product formation rates observed.

The Lambert group followed up their findings by exploring further phenylacetylene
homo-coupling on Ag (100) under vacuum.?* They underlined the importance of oxygen, that
enables the generation of a phenylacetylide radical, crucial for the coupling. In absence of
oxygen, the coupling does not happen since acetylenic hydrogen abstraction is an endothermic
process for Ag. These findings were found to be valid as well when transposed to solution
phase experiments, though excessive amounts of oxygen decrease the reaction selectivity and
forms benzaldehyde.

Similarly, the Barth group showed the capacity of multifunctional molecule (1,4-bis(3,5-
diethynylphenyl)butadiyne-1,3) to self-couple, as well as self-assemble when deposited on a

Ag (111) surface at 305 K. 2% It self-couples following two different modes: terminal alkyne
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coupling like in Lambert’s work, and diyne-terminal alkyne coupling (Scheme 178).

1,4-bis(3,5-diethynylphenyl)butadiyne-1,3
Scheme 178. 1,4-bis(3,5-diethynylphenyl)butadiyne-1,3 self-coupling modes on Ag(111) at
305 K.

In conclusion, Ag NPs have been widely explored for A* coupling reactions, with high
standards in terms of activity and recyclability. The Ag-acetylide complex can also be added to
CO3, as shown by the few reports covered here, using porous materials to trap and activate the
gas. Early studies towards Sonogashira coupling show difficulties in activating coupling agent
to alkynes, favoring homocoupling.

2.7 Oxidative coupling
2.7.1 C-H oxidation

An early example of Ag-catalyzed C-H oxidation was provided in 1972 by Van Ham et
al., exploring different alloys of coinage metals.?®! Cu@AlLO3, Ag@Al03, and Au@Al>0;3
catalysts were prepared and tested for cumene oxidation using oxygen. Pure Au and Cu proved
to be inactive as catalysts, in opposition with Ag that increased the steady-state rate of oxidation
compared to the reaction in absence of catalyst. An alloy containing 95% Ag and 5% of Au
allowed a 1.2-fold increase of the oxidation rate. Crites et al. made in 2014 an in-depth study
of the mechanism of cumene oxidation over Ag and Au NPs supported on hydrotalcite supports
(Ag@HT and Au@HT).?%> While Ag stops at the cumene hydroperoxide, Au decomposes it
further into cumyl alcohol at 80 °C.

O/OH OH
0,
- -
Ag, Au NPs Au NPs

cumene cumene cumyl
hydroperoxide alcohol

Scheme 179. Cumene oxidation.
From Van Ham’s report though, Ag-catalyzed C-H oxidation remained dormant until 2006
when Zhao et al. reported Ag supported on a mesoporous SiO> support (Ag@MCM-41) for

150



Chapter 2 - Silver NPs in organic transformations

cyclohexane oxidation.?®® After a careful optimization of the reaction conditions (142 °C, 3 h)
and using oxygen as an oxidant, they managed to obtain a 45% selectivity to cyclohexanone
and 38% cyclohexanol at 11% conversion (Scheme 180). This particular set of results is
interesting considering that KA-oil, a mixture of cyclohexanone and cyclohexanol, is an
important precursor in the nylon industry for adipic acid and caprolactam.?** C-H selectivity is
difficult to maintain at high conversion considering the higher reactivity of the oxidation
products (both the ketone and the alcohol) compared to the starting material. Mesoporous
supports have been reported to increase the selectivity of cyclohexane oxidation over
cyclohexanol oxidation.?®® Finally, the undesired formation of cyclohexyl hydroperoxide in
non-optimized conditions along with the reaction being quenched upon the addition of 2,6-di-

tertbutyl-4-methylphenol hint at a free-radical mechanism.

o OH
Ag@MCM-41 (0.5 wt%)
O 14 bar O, +
142°C, 3 h

45% 38%

11% conversion
Scheme 180. Ag@MCM-41 for cyclohexane oxidation under air.
Since then, cyclohexane oxidation has been covered by additional reports, for example
Acharyya et al. used Mn3O4 nanorods (Ag@Mn304) with HO> (Scheme 181).2¢ Cyclohexane
was converted to cyclohexanone with high yields (66%, with 75% selectivity at 88%
conversion) and the catalyst could be easily recycled 8 times with only a 10% yield drop after
the 8" cycle. The same system was used for 3-picoline to niacin (vitamin B3) oxidation.?¢’

o)
88% conversion
O Ag@Mn30, (0.44 mol% Ag) Z5% selectivity
H,0, (4-5 equiv.)

(reusable 8 times)

| A 40-70 °C. 15 h AN 55% conversion
N__~ ’ O\ 97% selectivity
N~ cooH (reusable 6 times)

Scheme 181. Ag@Mn304 nanorods for cyclohexane and 3-picoline oxidation using hydrogen
peroxide.

The same research group also explored cyclohexene as an oxidation substrate, which

constitutes an alternative route towards adipic acid production in the nylon industry.?*® They

used a similar support, tungsten oxide nanorods (Ag@WO3), that exhibited high selectivity

(94%) with an excellent conversion (99%). Later on, they showed that it was active as well for

Baeyer-Villiger oxidation of cyclic ketones,?®’, tertiary amine oxidation to N-oxides,?’° as well

as toluene oxidation to benzaldehyde (Scheme 182).27! The latter case is remarkable in that the
151



Chapter 2 - Silver NPs in organic transformations

product does not over-oxidize into benzoic acid. The solvent choice is not trivial since
acetonitrile activates hydrogen peroxide by forming peroxyacetimidic acid, that could be the

active oxidant.?”?

>99% conversion

HOOC. _~_ 94% selectivity
COOH (reusable 5 times)

X0 81% conversion
©/ EjA 95% selectivity
Ag@WO3 (0.4-0.44 mol% Ag) (reusable 4 times)
O
)

H202 (3-5 e(]UiV.) )
> 76-99% conversion
MeCN, 80-90 °C, 9-24 h O 86-99% selectivity
) 5 examples
n (reusable 5 times)

R! _R2 o 60-91% isolated yields
N R1- th 15 examples

R3 R3 (reusable 5 times)

Scheme 182. Ag@WOs3 nanorods-catalyzed oxidations.
Benzylic C-H bonds have been further explored by Raji ef al., converting ethylbenzene into
acetophenone using Ag NPs supported on ZnO (Ag@Zn0).?” At 120 °C, using TBHP as an
oxidant, they obtained a 88% selectivity at 38% conversion towards acetophenone with a-
methylbenzyl alcohol as a byproduct (Scheme 183).
Ag@SiO, (5 wt% Ag) o) OH
TBHP (2 equiv.) R .\
©/\ chlorobenzene, 120 °C, 12 h B (j)k ©)\

38% conversion
88% selectivity
(reusable 4 times)

Scheme 183. Ag@Si0;-catalyzed oxidation of ethylbenze into acetophenone.
Beier et al. showed that CeOz, in conjunction with the addition of catalytic amounts of benzoic
acid (3 mol%), could enhance Ag@Si10»-catalyzed oxidation of four alkylarenes (toluene, p-
xylene, ethylbenzene and cumene).?’* Typically in the case of p-xylene, the yield in oxygenated
products (i.e. the corresponding alcohol, aldehyde and carboxylic acid) was more than doubled
with the addition of CeO; and benzoic acid (from 3% to 7%). The second methyl group in p-
xylene was left untouched due to the strong deactivating effect of the first oxygenated methyl
group. CeO> is believed to both assist the initiation and the termination steps of the radical
process, while benzoic acid decomposes the peroxo- intermediates, increasing the conversion

into the carbonyls and alcohols (Scheme 184).

152



Chapter 2 - Silver NPs in organic transformations

OH
Ag@Ce0,-SiO, (0.008 mol% Ag) Ar/\OH + Ar/§o + /g

Ar—CHj Ph-COOH (3 mol%) 0 i .Ar
0, (0.2-10 bar) 13-20% combined yield

- Ar = Ph, 4-MeCgH,-

)

R 140 °C, 3-12 h OOH
P
Ph + /g *
Ph)\ OH ™ b o ph)\

14-23% combined yield
R =H, Me

Scheme 184. Ag@CeO»-Si02-catalyzed oxidation of alkylarenes using oxygen, with benzoic
acid as an additive.

Finally, Hosseini-Sarvari et al. used ZnO as a support for Ag NPs (Ag@ZnO) and H>0>.2” The

scope was extended to 5 benzylic C-H-containing arenes, showing good to excellent yields (66-

90%). The reaction proved to show promising results at the gram-scale (5.3 g), with 46% yield

for ethylbenzene oxidation as opposed to 90% yield on the milligram scale (100 mg) but with

the same amount of Ag@ZnO (Scheme 185).

Ag@ZnO (0.42.10°° mol% Ag)
. O
R H,0, (2 equiv.)
©/\ _ -
80°C,7-9h
66-90% yield

5 examples
(reusable 5 times)

Scheme 185. Ag@ZnO-assisted oxidation of benzylic C-H bonds using hydrogen peroxide.

2.7.2 Azo coupling

Azo compounds are typically used in the dye industry, exhibiting vivid colors as a
consequence of extended n-delocalization. On the big scale, they are produced by diazotization,
requiring stoichiometric amounts of NaNO> and a strong acid at low temperature, with
subsequent coupling.?’ Therefore, metal-catalyzed methods, using milder oxidants are
desirable. The oxidative coupling of amines is interesting in that regard, although it comes at
the cost of selectivity issues in the case of the coupling of two different amines.
Cai et al. studied a whole range of different metal NPs supported on carbon (M@C, M = Ag,
Pt, Co, Cu, Ni, Pd, and Au) with Ag@C being the most active for aniline oxidative coupling
under mild aerobic conditions (Scheme 186).2”” Aniline hetero-coupling was made possible by

adding an excess (1.8 equivalents) of the most electron-poor aniline.
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Ag@C (6 mol%)
KOH (1 equiv.)

A Ar' .
“NH, + TTONH, - ANy
DMSO, air, 60 °C, 24 h
1.8 equiv. 50-97% vyield

19 examples
(recyclable 5 times)

Scheme 186. Ag@C-catalyzed azo coupling.

Kumar et al. used an Ag-Ni alloy (AgosNio4) in relatively similar conditions (Scheme 187).278
AgO.SNiO.4 NPs (1 3 m0|%)
KOH (1 equiv.) '
R"ONH, + R NH, - rONNR
DMSO, air, 60 °C, 24 h

60-100% yield
5 examples
(recyclable 5 times)

Scheme 187. Ago.sNips-catalyzed azoarene synthesis.
By using Ag@W O3 in conjunction with H20» instead of air, as reported in examples mentioned
earlier for C-H oxidation,?’2® Ghosh et al. showed that anilines can be coupled into
azoxybenzene, the oxygenated version of azobenzenes (Scheme 188).2”

Ag@WO; (0.44 wt%)

H,0, (3 equiv.) o

2 Ar‘NH2 > Ar\ //[{ji
MeCN, r.t., 24 h N Ar
57-88% yield
6 examples

(recyclable 5 times)

Scheme 188. Ag@WOs-catalyzed azoxyarene synthesis.

2.8 Miscellaneous applications
2.8.1 Nitrile hydrolysis

The industrial production of amides is of interest given their important role in the synthesis
of various acrylic monomers such as acrylamide or nicotineamide.?*° They can be obtained by
nitrile hydrolysis, under acidic or basic conditions. These approaches have a few drawbacks,
namely the generation of salt waste from neutralization of the reaction medium, or the over-
hydrolysis to the corresponding carboxylic acid.?®! Activating the nitrile using a metal-based
catalyst can increase the hydrolysis rate up to 10'°-fold while stopping at the amide stage

(Scheme 189). A few Ag nanocatalysts have been reported in this area, using PVP?2, Fe304°%,

284

or organic ligands“® as supports/capping agents.
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H,0 0 H,0 0

R-C=N —— R4 R
NH, -NH; or -NH,4 OH

Scheme 189. Nitrile hydrolysis pathways.

Mitsudome et al. were the first to successfully hydrolyze nitriles to amides using
hydroxyapatite-supported Ag NPs (AgHAP).?® This catalyst was effective in hydrating

benzonitrile derivatives and heteroatomic nitriles, but aliphatic nitriles proved to be unreactive

(Scheme 190).

AgHAP (3 mol%) 0
R-C=N - R-C{
H,O, 140-180 °C NH>
1-6 h 2-99% vyield

(15 examples)

Scheme 190. Hydroxyapatite-supported Ag NPs for nitrile hydrolysis.

Shimizu et al. also reported nitrile hydration with Ag NP supported on SiO2.2%¢ Their
system was notable for its capacity to hydrate aliphatic nitriles, as well as heterocyclic nitriles.
High TOFs were correlated to high oxygen coverage on the Ag surface, which is consistent
with the exceptional electronegativity of adsorbed oxygen on Ag surfaces. Akin to other Ag
NP-catalyzed reactions, Ag acts then as weak soft Lewis acid, with Oags acting as a strong Lewis

base, that is effective in water dissociation (Scheme 191).

R
o G
N
! @] H,O
R)J\NHZ i , 200 2
Ag—Ag—Ag
R
R-CN ! 'T'O- Oads
Ag—Ag—Ag
R +H
NZoH rate
} Oaus limiting
Ag—Ag—Ag

Scheme 191. Proposed mechanism for Ag-catalyzed hydration of nitriles.

Sherbow et al. proposed a 1,3,5-Triaza-7-phosphaadamantane-stabilized Ag water-
soluble catalyst (Ag-PTA).?*" It remarkably proved to be effective for cyanohydrin derivatives
(Scheme 192).
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selected examples:

O
CN

Ag-PTA (0.38-0.42 mol%) HO_ CN
o} - we | oo

R 90 "C Acetone

- R .
66-337 h Cyanohydrin Glyconitrile
4-90% yield

(7 examples)

Scheme 192. Ag-PTA-catalyzed nitrile hydration.

This is remarkable in that cyanide generally poisons the catalyst. Indeed, cyanohydrins
tend to form an equilibrium with hydrogen cyanide, which is known to poison homogeneous
Ag complexes. The authors were able to overcome this problem using nanocatalysis. They
showed that Ag(CN).” was a likely active species, that does not get further poisoned by
cyanides, most likely due to the lability of Ag(I).

Finally, Li et al. proposed an Ag catalyst stabilized by polyamic acid salt (Ag-PAAS).?®
This quasi-homogeneous catalysis was notable for its recyclability. Indeed, PAAS is pH
responsive making it exceptionally simple to recover and reuse (Scheme 193). A simple
addition of acetic acid bringing the pH of the solution below 3 will cause the Ag-PAAS to
precipitate out of the solution. The process is fully reversible by adding NEt3, bringing the pH
back up to 10 which allows redispersing of the catalyst, making it reusable up to 8 times without

significant loss of activity or leaching.

o)
Ag-PAAS (3mol%
_CN ° emobe) L
R H,0, 90°C R NH,
21 6h 73-99% yield
) 13 examples

(recyclable 8 times)

Scheme 193. Polyamic acid salt-supported Ag for nitrile hydrolysis.

The use of Ag NPs for the hydration of nitriles was first reported in 2009. Since, promising
research has been conducted showing the stable NPs bound to a variety of different ligands and
supports. A number of these reports show promise with regards to recyclability, allowing hope
for more sustainable industrial nitrile synthesis in the future. Typically, after initial success at
hydrating benzonitriles more challenging substrates such as aliphatic nitriles and cyanohydrins
were successfully hydrated.

2.8.2 Silanol chemistry
Silanols are compounds bearing a Si-OH group, that are useful intermediates for the

289-291

synthesis of silicon-based polymers as well as nucleophilic coupling partners in cross-

coupling.??>?%> While chlorosilanes are commonly used as precursors to silanols, they are prone
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to condensation into siloxanes, thus requiring stabilization.?** Alternatively, silanes are readily
oxidizable using water, generating H> gas as the sole byproduct. Heterogeneous catalyst with
TOF and TON as high as 20,000 h!' and 99,000 have been reported for Pd@A1>Os at room
temperature.??>

Hydroxyapatite is a phosphate mineral species found in teeth and bones and was proved to be
a suitable support for Ag NPs (Ag@HAp) by Kaneda et al.?*° They were active for phenylsilane
oxidation using water both as an oxidant and a solvent (Scheme 194). The support provides an
hydrophilic environment for the Ag NP, and allows water to act as a nucleophile and effectively

suppresses disiloxane formation. In comparison, water-soluble Ag salts such as AgNO;3; or

AgOTf gave lower yields, showing the synergistic interaction between Ag and its support.

R Ag@HAD (3 mol%) R’ R’
R?—Si—H > R2—Si\—OH + R2—Si\—O +H,
2

F‘<3 H,0, 80 °C, 15-240 min RO R

96-99% conversion
>99% selectivity
9 examples
(recyclable 4 times)

Scheme 194. Ag@Hap-mediated silane oxidation to silanol in water.

Mizuno ef al. managed to stabilize Ag nanoclusters on silicotungstates (Ags@SIW10), which
can be prepared beforehand or made in situ by mixing SIW10 with AgOAc.?*” In both cases,
the resulting entrapped active species [Ags]*" was extremely active for silane oxidation with
small amounts of water (5.6 equivalents) in acetonitrile (Scheme 195). Lower loadings (0.5

mol% to 0.0008 mol%) affording an optimal TON of 15625, though no recycling test was

reported.
R’ H.0 Ag,@SIW10 (0.5 mol%) R
R2=Si—H + ¢ équiv) > R2—Sj—OH +H,
F‘<3 ' MeCN, 50 °C, air, 4 min-24 h F‘@
71-98% isolated yield
12 examples
(no reuse)

Scheme 195. Silicotungstate-supported Ag nanoclusters for silane oxidation.

Ding and co-workers made a nanoporous Ag catalyst by selective leaching of Mg from
Agr3Mg77 wires (np-Ag).%”® They exploited not only its capacity to oxidize silanols using water
(Scheme 196), but its capacity to couple silanols to alcohols (Scheme 197). Moderate to high

yields were obtained at room temperature, and the catalyst was recyclable 4 times.
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H.O np-Ag (10 mol%)
R(4_n)SiHn + (6 ef:]uiv) > R(4_n)S|(OH)n +n H2
tone, r.t., air, 2-6 h . .
acetone, r.L., air 50-98% isolated yield

11 examples
(recyclable 4 times)

Scheme 196. Nanoporous Ag for silane oxidation with water.

np-Ag (20 mol%)
R4.nSiHy > RynSI(OR), +nH,
R-OH, rt,air, 1-2h 94 960 isolated yield
7 examples

Scheme 197. Nanoporous Ag for silane coupling with alcohols.

Defect-rich Ag nanowires (Ag NW) have been reported for silanol coupling with alcohols by

Jin et al. as well, made by templated reduction of Ag in SBA-15 channels and subsequent

template removal using NaOH (Scheme 198).2%
Ag NW (1 mol%)
R4SiH > R,SiOR'
ROH or THF, r.t., 60-150 min

>99% vyield
6 examples
(recyclable 6 times)

Scheme 198. Ag nanowire-catalyzed alcohol coupling to silanols.

Kobayashi et al. used commercial AgoO as a catalyst for coupling allylsilanes with
aldehydes.*” In the case of o-methylallylsilanes, up to 10/90 syn/anti ratios were observed,
using catalytic amounts of DMAP to enhance the coupling and the selectivity (Scheme 199).
Notably, by adding a chiral diphosphine ligand, the authors showed that moderate
enantioselectivities could be obtained (63% ee, Scheme 200). Finally, the catalyst loading could
be reduced to 0.005 mol% while still maintaining a high productivity, exhibiting a TON of
7680.

OH
o .0 Ag,0 (1 mol%), DMAP (5 mol%)
R)J\H + = SI\O > RJ\;/\
it H,0, rt.,, 3-24 h =
1.5 equiv. 49-96% vyield

16 examples
for R'=Me, anti product favored

Scheme 199. Ag,O-catalyzed allylsilanes coupling to aldehydes.
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Ar
DO N
. Ag,0 (1 mol%) o )
. \S-’O ligand (3 mol%) QH O,P—N
H P Al > - ;
~ o H,0, rt,, 3 h P X OO Wl
r

Ar = 3,5-M6206H3-
88% yield
63% ee

Scheme 200. Asymmetric coupling of allylsilanes coupling to benzaldehyde.
2.8.3 Silver as a Lewis acid
Safari et al. used Ag supported on multi-walled nanotubes (Ag@CNT) as a catalyst to
condense anthranilamides and aldehydes into 2-aryl-2,3-dihydroquinazolin-4(1H)-ones, under
sonication (Scheme 201).3%!

1) 0]

o) Ag@CNT NH
NH2 + -
Ar)J\H EtOH, 75 °C, )))), 5-17 min )\
NH N Ar
2 H

86-97% yield
12 examples
(recyclable 5 times)

Scheme 201. Ag@CNT-catalyzed condensation of anthranilamides and benzaldehydes under
sonication.
Mandi et al. showed that Ag supported on mesoporous polyaniline (Ag@mPANI) could

catalyze the acylation of a range of anilines and benzyl alcohols (Scheme 202).32

XH Ag@mPANI X-Ac
SERE -
100-140 °C, 3-10 h
X =CH,0, NH 48-98% vyield

32 examples
(recyclable 5 times)

Scheme 202. Ag@mPANI-catalyzed acylation of anilines and benzyl alcohols.

2.9 Conclusion

As shown throughout this chapter, Ag NPs possess appealing features such as
applicability to large variety of reactions, with a high level of chemoselectivity. A number of
systems are also featured as recyclable which is an important attribute in nanocatalysis. Above
we tried to indicate for each example, when possible, how many times could the catalyst be
recycled, as well as emphasizing the growing importance of translations to flow-systems. As
for selectivity, Ag NPs have been shown to selectively reduce C=0 bonds over C=C bonds,
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epoxidize ethylene without combusting it, oxidize primary alcohols into aldehydes without
forming an acid, or semihydrogenate alkynes into alkenes. In the vast majority of the examples
covered, these feats were made possible without the use of expensive ligands or wasteful
additives, but rather by using cheap metal oxide supports (SiO2, Al,O3, CeOs...), or by
exploiting the Ag-O interaction.

Some key challenges should be addressed in the future, especially related to silver criticality.
Silver is not among the scarcest metals, but its versatile use, including towards electronics,

medical, jewelry and processes, is imposing a serious burden on supplies.!> 3% Depending on

9305

the sources, silver is quoted as “not critical””,*** “insecure and “medium risk”,** illustrating

the difficulty to determine precise criticality in an absolute fashion.*® This uncertainty calls
for Ag NP recyclability in catalytic applications. Nanocatalyst enantioselectivity is another
major issue to tackle, in the context where silver shows promising selectivity for

perfume/pharma relevant molecules. More research is definitely needed, considering the

paucity of reports involving Ag NPs with high enantiomeric excesses.*"’
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Dans le dressage de la ville, peut-étre faudrait-il refaire encore une fois
L’histoire du ressentiment peut-étre, I'histoire de la menace.

[...]
Et puis inversons les valeurs, valorisons les martyrs.
Célébrons la souffrance, impuissants dans les soupirs.

Josset, F.-X.; Vaillant, A.; Jouneau, O.; Lefloch, F.; Domecyn, J.; Affreux, Sales et Méchants, Accident n°7,
2008, 14, 26:29-29:12.
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In the previous chapter, we covered the versatility of Ag NPs as catalysts in organic reactions.
Their main features for carbonyl hydrogenation have been identified: low reactivity and high
C=0/C=C selectivity. The recyclability issue is not trivial in the case of Ag though, being an
endangered metal. Here we discuss the simple synthesis of magnetically recoverable Ag NPs,
made by microwave and using bio-derived polymers as support and reductant, and their

application for the selective hydrogenation of carbonyls in water.
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3. Microwave-assisted synthesis of magnetic carboxymethyl cellulose-embedded Ag-

Fe304 nanocatalysts for selective carbonyl hydrogenation

This chapter is based upon one published article. The American Chemical Society granted

permission to reprint the published article, as did all co-authors.

Alain Li, Madhu Kaushik, Chao Jun Li, Audrey Moores, ‘Microwave-Assisted Synthesis of
Magnetic Carboxymethyl Cellulose-Embedded Ag-FesOs Nanocatalysts for Selective
Carbonyl Hydrogenation’, ACS Sustainable Chem. Eng., 2016, 4, 965-973.

3.1 Abstract

Magnetic nanoparticles enable an efficient catalyst recovery at the end of a chemical
reaction, and therefore contribute to more sustainable and greener industrial processes. Herein
we report the synthesis of magnetically retrievable Ag NPs for the catalytic hydrogenation and
oxidation of aldehydes in water. Upon brief exposure to microwave irradiation, Ag and FezO4
NPs formed directly within carboxymethyl cellulose (CMC), an inexpensive, biobased polymer
support. The catalyst was tested for the hydrogenation of aldehydes in water, showing a high
activity and selectivity to C=0 bonds against C=C bonds. Aldehydes can also be oxidized to
the corresponding carboxylic acid with the same catalyst, even with substrates that do not self-
oxidize under air. The organic matrix and the magnetic support allowed the catalyst to be

recycled up to five times with negligible metal leaching in the reaction medium.

3.2 General Introduction.
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Metal NPs are intensely researched in the field of catalysis, as they combine the
recyclability of heterogeneous catalytic systems and the activity and selectivity of homogenous
ones.! Among them, Ag NPs have proved active for the selective hydrogenation of aldehydes
(Scheme 203). Despite the low affinity of silver towards H it is intrinsically selective towards
C=0 bonds over C=C bonds (see section 2.5.1).? Alternatives exist for this transformation,
relying on platinum group catalysts or inorganic salts (NaBHa4, HsNBH3®), but they either

require acidic promoters or stoichiometric amounts of reductants.

H

R/\)\o

H
H
H,
R No
H

Efficient and fast reaction
Stoichiometric amounts of reductant
Active catalysts

Need of a poison or a promoter

Pl
R0
R

Inorganic salts:

PGM catalysts:

Intrinsic selectivity

Ag-based catalyst: L
Low affinity of Ag to H,

Scheme 203. Strategies for the selective hydrogenation of carbonyls.

Claus et al.> *® produced an abundant literature on silica-supported Ag NPs for the selective
hydrogenation of C=0 bonds over C=C bonds. Similarly, Yadav et al. reported manganese
oxide-supported AgNP for the selective hydrogenation of acetophenone to 1-phenethyl
alcohol.® Finally Mertens et al. worked on recyclable PVP-stabilized Ag NPs for the selective
reduction of a,B-unsaturated aldehydes, including acrolein.’® A silver(l)-NHC complex was
also reported by Jia et al. as an efficient homogeneous catalyst to oxidize aldehydes to the

corresponding acids in water,'! using atmospheric O-.

The appealing reactivity and selectivity of these catalytic material is however hindered by the
harsh synthetic conditions required for their synthesis, such as calcination steps or strong acidic
conditions. Moreover, the recyclability and re-usability of these catalysts were not investigated:

the separation and the robustness of Ag NPs still remains an important challenge.

Besides, magnetic NPs (MNPs) have been explored as a means to conveniently support
catalysts, or act as one themselves.2 When used as supports, core-shell structures, silica layer,*
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or organic linkers may be used in solid form to anchor organocatalysts,* metal complexes® or

metal NPs. They are particularly attractive as they allow an easy catalyst separation using a

simple external magnetic field, circumventing the need to use filtration or centrifugation.®-®

Recent reviews and articles have covered, in particular, their use in water'® and for
hydrogenation reactions.?’ Iron and iron oxides (Fe(0), Fe,Os, FesOs) are commonly used
MNPs?:-2 and are accessed via several synthetic routes, including co-precipitation, sonolysis,
hydrothermal reaction.?* To the best of our knowledge, no example of such MNP-supported

Ag NPs for hydrogenation reactions has been reported so far (Scheme 204).

Homogeneous complexes
o [ML,] OH Non recyclable cataysts

)J\ or

R H Hy, H,O R H Expensive hydrosoluble ligands
M =Rh, Ru, Ir, Pd
Supported NPs
0] Ag@Xx OH

)J\ )\ Slow and low atom

R H H, R H economy synthesis
X = SiO,, MnO,, PVP Need of reducing agents

Previous works:

Magnetic NPs

: . 0] OH
This work: Ag NPs/Fe NPs )\ Magnetically reyclable catalyst

R™ H Hy,,H,0 R”H

Scheme 204. Different systems for aldehyde hydrogenation.

3.3 Ag NP supported on Fe(0) NPs by galvanic deposition
3.3.1 Introduction.

Hudson et al. previously established in the Moores group the direct deposition of
various metals over Fe(0) NPs (M@Fe, M = Cu, Ru).?>?® A similar procedure has been
developed as well by Zhou et al. for Pd.?” The protocol is straightforward, as Fe(0) acts as both
magnetic support and reductant. They can be made by the reduction of FeSO4 using NaBHsa, in
MeOH/H>O under inert atmosphere, yielding Fe(0) NPs. The surface gets quickly oxidized,
yielding Fe(0)/FesO4 core/shell NPs (FeCSNP). The crystallinity of the iron oxide shell
determines its passivation ability. An amorphous shell provides a long-term passivation
capacity, whereas a crystalline shell allows both electron and metal ion diffusion from the

core.®
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Alternatively, commercial sources of Fe(0) are available, such as FeCSmP, bearing a
crystalline iron oxide shell. Subsequently, metals salts are added to FeCSmP, then an electron
transfer occurs from Fe(0) to the metal salt (E°(Fe/Fe?*) = -0.44 V vs SHE at 25 °C). This
galvanic exchange results in the deposition of the corresponding metal on the surface, without

requiring any external linker or reductant (Scheme 205).

Q
Q o
mn*
Q Q Qv
crystalline FesOq crystalline Feg
FeCSmPs M@FeCSmPs

Scheme 205. Direct deposition of metals (Cu,Ru,Pd) over FeCSmPs (black = Fe(0) core, gray
= crystalline FezOy4 shell)

3.3.2 Results and discussion.

Ag@FeSCmP was made with a process similar to the one reported previously by
Hudson et al. After complete drying of the resulting catalyst, Ag@FeSCmP kept its strong
magneticity, initially present for commercial FeSCmP. Ag@FeSCmP was observed by SEM

complemented with HAADF-EDS elemental mapping (Figure 1).
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Figure 1. Ag@FeSCmPs particles made by galvanic reduction — SEM images (Fe NPs in red,
Ag NPs in blue).

Akin to what was observed by previous members of the group for Cu, fern-like structures
were observed.?® In the case of Cu, these fractal structures stemmed from the extremely fast
reduction of Cu?* over Fe(0) (E°(Cu/Cu?*) =+ 0.34 V vs SHE at 25 °C). Indeed, at Cu/Fe ratios
above 1/100, Cu grows preferentially over itself than over the Fe support. In the case of Ag,
due to the even higher oxidation potential of Ag+ ((E°(Ag/Ag") = + 0.80 V at 25 °C), and its
larger conductivity (6,30.107 S/m for Ag, 5,98.107 S/m for Cu), we believe a similar mechanism
takes place.

Ag@FeSCmPs was then tested for benzaldehyde hydrogenation in H2O (40 bar Ha, 100 °C,
24h), yielding 80% reduction yield (Scheme 206). Upon recycling tests though, the yield
quickly dropped to 50% (cycle 2) then 20% vyield (cycle 3). Although the catalyst synthesis and

the hydrogenation tests were run under inert atmosphere, the catalyst got inevitably exposed to
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air during the work-ups and recycling tests. This could explain the sharp yield drop upon

catalyst re-use. Furthermore, the fern-like structures gave a high catalytic activity, probably

due to their higher Ag surface area. However, these structures are fragile, and make Ag all the

more sensitive to oxidation, along with the inherent sensitivity of FeSCMPs to air.
Ag@FeSCNP (10 mol% Ag) , H, (40 bar)

cycle 1: 80% yield
@O ©/\OH cycle 2: 50% vyield
H,0 (0.17 M), 100 °C, 24 h cycle 3: 20% vyield

Scheme 206. Ag@ FeSCMP-catalyzed benzaldehyde hydrogenation in H20.

3.4 Ag NP supported on carboxymethyl cellulose
3.4.1 Introduction

We turned to alternative procedures to make magnetically supported Ag NPs, while
keeping the features from the previous system: magneticity, high surface area, and good
dispersity in water. In order to maintain a high colloidal stability, both against work-ups
exposed to air and hydrogenation conditions, capping agents are necessary. Environmentally
benign and bio-sourced molecules such as sucrose,* starch,®! sodium citrate, alginate,*® or
orange peel extract®* have been successfully used as reducing and capping agents for Ag NPs
synthesis.®® Furthermore, microwave irradiation has been used in several reports as an efficient
and fast route to generate Ag NPs in water.*® It provides both a uniform and fast growth
environment for the NPs and can assist the digestive ripening of these particles to afford a
monodisperse size distribution.®” In this particular context, Raveendran,® Kumar,®
Nadagouda,*® Liu,** and Horikoshi*? reported the synthesis of Ag NPs stabilized by cellulose
derivatives under short heating conditions (Scheme 207). In the latter system, Ag(NH3)>" was
exposed to microwave irradiation in presence of carboxymethyl cellulose (CMC) in H20,

yielding small and monodisperse Ag NPs dispersed in water (Ag@CMC, 1-2 nm).
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OR CMC
CMC, H,0 o o OAg
Ag(NHz)," X o ORA S\,
#W, 100 °C, 5 min
Ag@CMC Carboxymethyl Cellulose
300 mg/mmol

— - +
CMC/Ag ratio R =H or CH,CO, Na

Scheme 207. Ag@CMC microwave-assisted synthesis.

Ag(NHs3)2" (commonly named Tollens’ reagent) was used in most reports and is made from the
treatment of AgNOs with NaOH, then NH3 (Scheme 208). This reagent is more stable than
AgNO:s to reductants. Indeed, Yin et al. reported that using Ag(NHs).* provides a delay time
of 5 mins before the Ag* cation gets reduced by a sorbitol/formaldehyde solution, allowing a

better control of NP growth.*3

NH;
AgNO; + NaOH ——> Ag0 ———— Ag(NH,),"

Scheme 208. Ag(NHs)." synthesis.

Liu et al. investigated the mechanism of Ag* reduction using carboxymethyl chitosan
(CMCh).** The authors monitored the evolution of CMCh by 3C NMR (DEPT-135) before
and after reduction of Ag(NHz)2* (E°(Ag*/Ag) =+ 0.37 V at 25 °C) under microwave. Notably,
the carboxymethyl groups get decarboxylated during the reaction into methyl groups, reducing
Ag" in the process (Scheme 209a). We believe that two other reduction pathways are likely to
occur concomitantly. First, the end chains of CMC are in equilibrium with their opened form,
revealing a reducing aldehyde function (Scheme 209b). Then, considering that our CMC source
is still 30% hydroxylated, we cannot exclude a polyol-type reduction of Ag(l) by the remaining
primary -OH groups (Scheme 209¢).*
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a) reductive decarboxylation

b) terminal reducing aldehyde
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c) polyol-type hydroxyl group oxidation
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Scheme 209. Possible pathways for CMC-mediated Ag* reduction

3.4.2 Results and discussion

Horikoshi’s synthesis was reproduced, yielding a green colloidal suspension. TEM
analysis showed the reproducibility of their protocol, with a narrow distribution on the small
Ag NPs obtained (Figure 2, 2.3 £ 0.3 nm).

187



Chapter 3 - Microwave-assisted synthesis of magnetic carboxymethyl cellulose-embedded Ag-Fe304

nanocatalysts for selective carbonyl hydrogenation

Figure 2. TEM image of Ag@CMC.

Ag@CMC was directly tested for benzaldehyde hydrogenation in water (Scheme 210, Table
2). The Ag@CMC catalyst proved to be active under conditions similar to the ones used with
the homogeneous Ag complexes,” with the significant difference that, in the present work,
neither base nor ligands were needed. Remarkably, lower temperatures and safer solvents were
needed here compared to the conditions used in other Ag NP-catalyzed aldehyde
hydrogenations.® % Pressure could be dropped to 30 bar without affecting the yield, while it
decreased dramatically at 20 bar (95% and 33% yield respectively, Table 2, entries 2 and 3).
Likewise, a loading of 5 mol % proved equally efficient but lowering the loading to 3 or 1
mol% decreased drastically the activity (97%, 60% and 33% respectively, Table 2, entries 4
to6). Combining 30 bar of hydrogen pressure with 5 mol % loading afforded 72% yield (Table
2, entry 7). The reaction temperature was identified to be crucial for catalytic activity as a
decrease to 80 °C led to a sharp yield decrease (51%, Table 2, entry 8). The catalyst could be
prepared by using AgNQs salts directly instead of Ag(NHs)2" as a precursor, although with a
lower activity (80%, Table 2, entry 9). It could also be prepared under an atmosphere of air
with no effect on the activity (94%, Table 2, entry 10).

Ag@CMC (10 mol% Ag)
©Ao H, (40 bar) ©/\OH
H,0, 100°C, 24h

Scheme 210. Ag@CMC-catalyzed benzaldehyde hydrogenation in water.

Entry Modification Crude NMR vyield (%)
1 - 94%
2 30 bar H2 95%
3 20 bar H 33%
4 5 mol% Ag 97%
5 3 mol% Ag 60%
6 1 mol% Ag 50%
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7 5 mol% Ag, 30 bar H 72%
8 80 °C 51%
gb - 80%
10° - 94%

aStandard reaction conditions: 0.33 mmol benzaldehyde, 9 mL H>0, 24 h, 100 °C, 10
mol% Ag, 40 bar H,. Cyclohexanol was used as an internal standard for 'H NMR
quantification.

bAgNO3 was used as a precursor instead of Ag(NHs).*

“The Ag@CMC catalyst was prepared in air

Table 2. Ag@CMC-catalyzed hydrogenation of benzaldehyde in water.

Following these encouraging results with Ag@CMC, we turned to their magnetically
retrievable version, Ag-Fes0:@CMC.

3.5 Ag NP bound on Fe3O4 NPs using carboxymethyl cellulose
3.5.1 Introduction
In the case of magnetically-supported Ag NPs, L-arginine,*’ chitin®® and chitosan®

supports have been reported as well. In these protocols, magnetite (FesOs) NPs were used
instead of Fe(0) NPs. Although the oxide’s saturation magnetization is lower than that of the
zero-valent metal (Ms = 220 emu/g for Fe(0), 92 emu/g for Fez04),Y its higher stability to O
and H2O makes it more practical for catalytic applications. FesOs4 can be directly co-
precipitated under alkaline conditions following the Massart process, under inert conditions:*°
Fe?* + 2 Fe** + 8 HO" — Fe304+ 4 H20

Notably, CMC has been reported previously to bind and stabilize Fe(0)%! or Fe3O4 NPs.>
We thus turned to the idea to synthesize both Ag NPs and Fe3sO4 NPs in presence of CMC as a
supporting matrix, using microwave irradiation.

3.5.2 Results and discussion

We initially attempted performing first FesO4 co-precipitation in presence of CMC
under microwave, then adding Ag(NHs)." at different Ag/CMC/Fes0s ratios (Scheme 211).
The first step consisted in the co-precipitation of CMC-coated Fe3O4, using soluble iron salts
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(FeSO4 and FeClz) and base (NaOH) to ensure a better homogeneity of the mixture.
Subsequently, a solution of freshly prepared Ag(NHz)2" was added for Ag NP formation. The

sample was named Fe304-Ag@CMC.

OR CMC
(o)

cMe Ag(NHg),* m‘
2 FeSOy4 + FeCl3 + 8 NaOH
EoRa T e @ Carboxymethyl Cellulose

4W, 100 °C, 5 min 4#W, 100 °C, 5 min N
Fes0,-Ag@CMC | o _ 1o CHLCO, Na*
F9304@CMC (300 mgCMC/mmoIAg) .
(40 mgcmc/mmoleezos) 0:Ag( :Fe30y4

Scheme 211. Initial FesO4-Ag@CMC synthesis strategy.
Fe304-Ag@CMC was analyzed by TEM, showing the absence of the small Ag NPs seen in
Ag@CMC (Figure 3).. Overall, Ag was only present as big aggregates (>10 nm), showing that
the presence of Fe3O4 or leftover NaOH somehow affected the growth or agglomeration of Ag

under microwave.

Figure 3. TEM image of Fe30s-Ag@CMC.

It is worth noting that when an oil bath was used instead of microwave heating (for the
rigorously identical reaction times/temperatures), a different result was noticed for each step.
For Fe3O4 co-precipitation, a non-magnetic dark red powder was formed. This correlated with
the results of Komamerni et al. who compared classical heating and microwave heating for the

co-precipitation of Fes04.%% In their study, they showed by XRD that microwave heating allows
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reaching the same crystallinity for FesO4 than classical heating, within 8 to 16 min of heating
for the former and 8-16 h for the latter. As for Ag(NHs)>" reduction with CMC under
convective heating, a silver mirror was formed on the vial, similarly to what the Horikoshi et
al. had observed.*? This further shows the advantage of using microwave heating, in terms of
heating efficiency and homogeneity. With the conditions described in Scheme 211, black NPs
with low magneticity were obtained. Nonetheless, they were tested for the catalytic
hydrogenation of benzaldehyde in water, under the same standard conditions described in Table
2 (Scheme 212). The yield reached 88%, which is slightly lower than the one observed with
Ag@CMC (94% vyield), which could account for a slight loss during the rinsing of the NP
during synthesis.
Fe304-Ag@CMC (10 mol% Ag)
©Ao H, (40 bar) ©/\OH
H,O, 100°C, 24h

88% yield

Scheme 212. Fe304-Ag@CMC-catalyzed benzaldehyde hydrogenation in water.

In parallel, we explored the opposite approach as well, by first making Ag@CMC then co-
precipitating Fe3O4 under microwave (Scheme 213). This material, with the same Ag/Fe/CMC
ratios than in Scheme 211, was called Ag-FesOs@CMC.

OR CMC

° /4%
o ) 2FeSO,FeCl;8 NaOH OR -
°°, : T OR

Ag@CMC #W, 100 °C, 5 min Ag-Fe;0,@CMC Carboxymethyl Cellulose

R = H or CH,CO, Na*
300 mgcmc/mmolag Ag/Fe30, molar ratio: 1/8 ° Aor f: C2) a
‘Ag ‘Fezly

Scheme 213. Ag-Fe3s04@CMC microwave-assisted synthesis.

The material could be retrieved using an external magnet within one minute, whereas the
previous material took more than 10 minutes to aggregate. In both routes, CMC made the
catalyst easy to disperse in polar solvents, such as water and ethanol, while it adhered to the

vial glass wall in less polar solvents, such as ethyl acetate and toluene.
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TEM images of Ag-Fes0s@CMC revealed two kinds of inorganic NPs with distinct
electronic densities, and thus different shades on the tomograph (Figure 4). FesO4 NPs appeared
as moderately polydisperse, light gray NPs of diameter 15.3 + 3.5 nm and aggregated in large
clusters. Ag NPs were found in two different forms: dark, large, and polydisperse NPs (37.7 £
9.5 nm), as seen in Figure 4b and 4c, and small aggregated NPs (2.3 £ 0.3 nm), observed in

Figure 4c on the top left.

b)

Figure 4. TEM images of Ag-FesOs@CMC.
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The TEM image size distribution averages were calculated on >300 particles for each metal
(Chart 1 and Chart 2), except for the Ag aggregates (around 100 particles) due to the low

number of particles observed.

Fe NP size distribution (nm)
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Chart 1. Fe NP size distribution in Ag@Fe30a.
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Chart 2. Ag NP size distribution in Ag@Fe30a.
A typical Ag aggregate is shown in Figure 5.
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Figure 5. TEM image of Ag-Fes0s@CMC. Ag aggregate (2).
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Chart 3. EDS analysis of Figure 5.

cellulose-embedded Ag-Fe304

W Point 1

Point 2

Cu (grid)

HAADF was used as a means to further establish the presence of the two metals since Ag

appears as a much brighter spot than iron oxide (Figure 6).

Figure 6. TEM-HAADF characterization of Ag-FesOs@CMC.
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EDS further confirmed the identity of the metal NPs (Chart 4).

EDS

H Point 1

Point 2

Count

Fe, O, Cu

Si Ag Cu (sample grid)
Fe

0 1 2 3 4 5 6 7 8 9 10
Energy (KeV)

Chart 4. EDS characterization of Ag-Fez0s@CMC. (point 1 and 2 refer to the HAADF
micrograph on Figure 6)

Interestingly, the regions of the Ag-FesO4s@CMC material where the larger Ag NPs were
featured on the TEM images corresponded to the ones where the FesO4 NPs were seen (Figure
7, Figure 8). Where the FesO4 NPs were absent, the smaller Ag NPs were observed and shared
the same size and shape with the NPs seen in Ag@CMC, suggesting that there were unaffected
by the co-precipitation. Thus, the observed Ag NPs size growth can be directly linked to the
formation of the FesO4 NPs in their vicinity. Two mechanisms are proposed: the FesOs NPs
growth provided a surface onto which Ag NPs could diffuse and coalesce. Alternatively, CI
and HO" anions introduced during the FesOs co-precipitation step, helped generate silver

chlorides and oxides from the Ag NPs, thereby allowing an Ostwald ripening mechanism.
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Figure 7. TEM image of Ag-Fe;0.@CMC.
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Figure 8. TEM image of Ag-Fe;0.@CMC.

The CMC matrix was not directly visible under the TEM conditions used, however, the
arrangement of particles in clusters is consistent with the idea that all particles are embedded
within the same matrix. In a TGA analysis, 8 % of the total weight was lost between 150 °C
and 400 °C, which was attributed to the CMC. This is in full agreement with the amount

introduced (7 mg) for the catalyst synthesis (Chart 5).
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Chart 5. TGA analysis of Ag-Fes0.@CMC.
XPS analysis was performed next on Ag-FesOs@CMC. In the Ag region, the 3ds,> peak at

367.3eV is too low in energy to account for pure Ag(0) (Chart 6).>* It was hypothesized before
that this can be caused by the interaction of the Ag surface with CMC. Ag20 is also likely to
form at the surface and account for a similar binding energy. Under the hydrogenation
conditions, an oxygen atom on the surface of silver can activate 2 equivalents of Ho, leading to
the elimination of H20 and leaving adsorbed hydrogens on the surface.® Furthermore, DFT
calculations made by Lim et al.>® showed that the oxygen under the silver surface promotes the
selectivity of the catalyst towards C=0 bonds.

4000 — Ag (3d)
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Chart 6. XPS of Ag-Fes04@CMC, Ag 3ds, region.
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Concerning Fe (Chart 7), the fitting of the Fe 2ps» envelope could not help us determine
unequivocally which iron oxide was formed.®” Furthermore, the Fe 2ps. region overlapped

with Ag’s Auger peaks.

Fe2p Scan
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Chart 7. XPS of Ag-Fe304@CMC, Fe 2p3/2 region.
Therefore a XRD pattern of Fes04@CMC was taken (Chart 8), showing a good fit with Fez04

(JCPDS no. 65-3107).58 Ag was omitted from the synthesis of the XRD sample to a clearer

pattern. The sample was heated for 1 h instead of 5 min to obtain a better XRD signal.
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Chart 8. XRD pattern of Fez04@CMC (top) and face-centered FesO4 XRD pattern (JCPDS
no. 65-3107, bottom).

Once fully characterized, Ag-FesOs@CMC was tested towards the selective hydrogenation

of aldehydes in water (Scheme 214). The catalyst was directly usable as a water suspension

after its preparation (Table 3).

Ag-Fe3;0,@CMC (6.5 mol% Ag)
H, (40 bar)

)

© H,0, 100°C, 24h

Scheme 214. Ag-Fe304s@CMC-catalyzed aldehyde hydrogenation in water.

Entry Reagent Product Crude NMR

yield (%)
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9 0 OH 90%
: OMe : OMe
10 q OH 35%
11 63%?
N §O A \OH
| |
12 >09%
Z _0 = OH

Reaction conditions: 0.33 mmol benzaldehyde, 6.5 mol % Ag-Fes04s@CMC catalyst, 9 mL
H-0, 40 bars Hz, 100 °C, 24 h. Cyclohexanol was used as an external NMR standard

aNo C=C reduction product was observed (result confirmed by GC-MS)

Table 3. Substrate scope for the Ag-Fes04@CMC-catalyzed hydrogenation of carbonyls in
water.

Benzaldehyde hydrogenation (Table 3, entry 1) proceeded smoothly with Ag-Fes0.@CMC,
although with a slightly higher catalytic loading of 6.5 mol% compared to Ag@CMC (Table
3, entry 4). This is psrobably due to some Ag NP aggregation during the FezO4 grafting step,
as ClI', SO4%, and HO™ anions were added during that step. Benzaldehyde derivatives with
electron-donating groups performed well (Table 3, entries 2-5). However, 2-
trifluoromethylbenzaldehyde and 4-carboxybenzaldehyde had almost no conversion (Table 3,
entries 6 and 7), presumably because of the electron-withdrawing groups and the

hydrophobicity of the former one. It is worth noting that none of the auxiliary functionalities
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(-CFz and -COOH respectively) were affected by our method, as we fully recovered the starting
material. Aliphatic aldehydes and methyl ketones such as nonanaldehyde and 2-
methoxyacetophenone (Table 3, entries 8 and 9) worked as well, though a-tetralone (Table 3,
entry 10) gave a lower performance, pointing towards the importance of steric hindrance for
ketones. The selectivity of the catalyst was investigated with citral, an important substrate in
the fine chemical industry.® Under the standard conditions, citral and o-methyl-trans-
cinnamaldehyde were reduced to the corresponding alcohol with no trace of the C=C reduction
products (Table 3, entry 11 and 12). Remarkably, no Lewis acid additive was needed to achieve
the selectivity (see section 1.2.3).%6 The combination of water and CMC as a polar environment
for the catalyst could also explain the selectivity, as it would promote the coordination of the
C=0 bond on the surface.

After the reaction, the catalysts could be retrieved magnetically, washed with water and ethyl
acetate, and then recycled in a new reaction. For 5 cycles the catalyst demonstrated high activity
(Chart 9, Table 4). At the 6™ cycle, the catalytic activity dropped, presumably due to NPs
growth, as it will be further explained below. To test catalyst storage capacity, Ag-
Fe304@CMC was freeze-dried, re-suspended in water and tested again. A yield of 94 % was

then measured showing the robustness of this catalytic system.

NMR Yield (%)

100
8
6
4
2

0

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6

o O O O

Chart 9. Recyclability tests for Ag-FesOs@CMC-catalyzed benzaldehyde hydrogenation.

Cycle Crude NMR Yield (%)?
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95% vyield
95% vyield
95% yield
95% vyield
95% vyield
6 56% yield

gl A W N -

Reaction conditions: 0.33 mmol benzaldehyde, 6.5 mol % catalyst, 9 mL H->O, 40 bars Ho,
100 °C, 24 h

®NMR Yield was calculated as an average of three measurements from separate batches.

Table 4. Ag@Fe304 recyclability results for benzaldehyde hydrogenation in water.

After the 6" catalytic cycle, the catalyst was analyzed by TEM to see its new morphology
(Figure 9, Figure 10).
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Figure 9. TEM image of Ag-Fes0s@CMC after 6 catalytic cycles.
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Figure 10. TEM image of Ag-Fes04@CMC after 6 catalytic cycles.

TEM images of the catalyst after 6 catalytic cycles showed the disappearing of small Ag
NPs, though silver is still present in the sample in the form of big aggregates (>60 nm). Due to
the small amount of these aggregates and their high discrepancy in shape and size, a meaningful
size distribution histogram could not be obtained. The size distribution of the FesOs NPs was
obtained (Chart 10), showing a growth from 15.3 + 3.5 nm to 21.8 £ 8.3 nm. The loss of the

very small Ag NPs may explain the activity drop observed after the 6™ cycle.
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Chart 10. FesO4 NP size distribution in the catalyst after 6 cycles.

ICP measurements were done on the fresh catalyst, as well on the washing solutions and the
organic product after the reaction (Scheme 215). The catalyst before use contained 4.3 wt% Ag
and 86 wt% Fe. This revealed that 20% of the silver introduced was lost during the synthesis,
possibly due to an incomplete grafting of Ag NPs within Ag@CMC, or to the absence of Fez04
NPs in some regions of the Ag-FesOs@CMC. Ag could not be detected in the organic product
solution, while Fe was present in negligible quantity (0.1 ppm). Similar quantities were
observed after each cycle for the aqueous phase for the 5 cycles. Therefore, we can conclude

that activity loss stems from Ag NP aggregation rather than leaching Ag in solution.
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'Fresh catalyst'
4.3 wt % Ag
86 wt % Fe

o

Ag-Fe;0,@CMC OH

o
ph)kH 40 bar H,, 100 °C

Ph)\H
24 h, H,0
After the reaction: & %

Organic product
Ag: <detection limit
Fe: 0.1 ppm

Water content
Ag: <detection limit
Fe: 0.1 ppm

Scheme 215. ICP measurement on Ag-Fes04@CMC, washing solutions and the organic
product after reaction.

Control experiments helped identifying the active species for the reaction (Table 5).

Entry Conditions Crude NMR yield (%)
1 No catalyst 0% vyield
2 Fe304@CMC (30 mol% Fe) 0% yield
3 AgNOs (15 mol% AQ) 0% vyield
4 AgNO3z and CMC (15 mol% Ag, 8 mg CMC) >99% yield
5 CMC only 0% vyield

Reaction: 0.33 mmol benzaldehyde, 9 mL H20, 40 bar H», 100 °C, 24 h.

Table 5. Control experiments.

No activity was detected in the absence of any catalyst (Table 5, entry 1) or if Ag was absent
(Table 5, entry 2). However AgNOs salts alone were not effective, proving that activity in the
homogeneous form requires the use of specific ligands, as we previously established.*
Interestingly, an active hydrogenation catalyst could be generated in situ by adding AgNOs to
CMC in the reaction solution (Table 5, entries 3 and 4). Indeed, under reducing condition, it is
expected that Ag NPs can form directly into CMC and behave in a similar fashion to the ones

made under microwave irradiation. TEM images of the NPs generated form this reaction are
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given below (Figure 11, Figure 12, Chart 11), showing highly polydisperse and aggregated Ag
NPs. At last, the organic matrix alone (CMC) could not reduce aldehyde on its own (Table 5,
entry 5). Overall, this information strongly suggests that Ag NPs are the active species in the

reaction.

Figure 11. TEM image of AgNO3 and CMC after a hydrogenation reaction. The circle shows
the position measured by EDS
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Chart 11. EDS of Figure 11
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Figure 12. TEM image of AgNOz and CMC after a hydrogenation reaction.

The oxidation of aldehydes was also tried using the same catalyst. Directly using our system
for the reaction afforded excellent yields under mild conditions for benzaldehyde and 4-

hydroxybenzaldehyde (Scheme 216, Table 6).
/@AO Ag-Fe;0,@CMC cat. (6.5 % mol)
R H,O (0.17 M), O, (air), 24 h , 55 °C

Scheme 216. Ag-Fe304@CMC-catalyzed aldehyde oxidation in water.
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Entry Reagent Product Crude NMR vyield (%) (yield
o) o)
©)J\H ©)J\OH
2 o) 0

HO HO

Reaction conditions: 0.33 mmol benzaldehyde, 6.5 mol% Ag-FesOs@CMC catalyst, 2

without the catalyst in parentheses)

>99 % (80%)

>99 % (0%)

mL H20, 40 bar Hz, 55 °C, 24 h

Table 6. Ag-Fes04@CMC-catalyzed aldehyde oxidation in water.

3.6 Conclusion

This work explored the microwave-assisted synthesis of magnetic Ag NPs supported on
to CMCs for the catalytic hydrogenation and oxidation of carbonyl compounds in water. A
very fast and efficient method for synthesizing the nanocatalyst, Ag-FesOs@CMC, using
microwave is proposed, which should give new possibilities for synthesizing magnetically
recoverable catalysts. Notably, CMC provided a cheap and benign capping agent for the
nanoparticle synthesis and microwave heating ensures a quick and efficient grafting. The
catalyst was as active as its homogeneous counterpart for hydrogenation and could be easily
separated and recycled up to 5 times. This is the first example for this application according to
our literature survey. Excellent yields were reported for benzaldehyde derivatives, though
hydrophobic substrates and sterically hindered ketones had shown poor reactivity.

3.7 Experimental

The catalyst characterization was conducted using TEM, energy dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis
(TGA), XRD, inductively coupled plasma optical emission spectrometry (ICP-OES) and high-
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angle annular dark field-TEM (HAADF-TEM). All reactants were purchased from Sigma
Aldrich and used as received. When relevant, aldehydes were purified from their oxidation
contamination product by distillation. The transmission electron microscopy (TEM) samples
were deposited on 400 mesh carbon coated copper grids supplied by Electron Microscopy
Sciences. The analyses were performed on the Tecnai 12 microscope (FEI electron optics)
equipped with a Lab6 filament at 120kV, equipped with Gatan 792 Bioscan 1k x 1k Wide
Angle Multiscan CCD Camera (Gatan Inc.); and FEI G2 F20 Cryo-S/TEM microscope (FEI,
Inc) at 200kV, equipped with Gatan Ultrascan 4k x 4k Digital (CCD) Camera System at
different magnifications corresponding to different pixel size (defocus level ranging from — 2.5
to — 4.5 um). ICP measurements were taken using a Thermo ICP-OES to measure Ag content
at the elemental wavelength of 328.068nm and Fe content at the elemental wavelength of
238.204 nm. XPS was performed on a VG ESCALAB 3 MKII spectrometer (VG, Thermo
Electron Corporation, UK) equipped with an Mg Ko source. XRD was performed using the
Bruker D2 Phaser diffractometer using as CuKa source. The catalyst was prepared with a
Biotage® Initiator Classic microwave reactor. All hydrogenation reactions were carried out in
a Parr Instruments 5000 Series Multiple Reactor System. All reactions were carried out in an
oxygen-free glovebox, except where noted, and all solvents were de-gassed for 20 minutes

prior to use.

Preparation of Ag@FeSCmP. Commercial FeCSmPs (mesh 326, 350 mg) were suspended
in H20 (35 mL), followed by the slow addition of a freshly made aqueous solution of AgNO3
(213 mg, 20 mol% Ag/Fe, 30mL H20) under sonication and inert atmosphere. The resulting
mixture was sonicated for 30 minutes. Then the magnetic NPs were thoroughly rinsed with
H>0 and EtOH three times, using an external magnet. Ag@FeSCmP was then dried overnight

under vacuum.

Preparation of a Ag(NH3s)2* solution (60 mM in water). Under air, NH4OH (80 mg, 28 %
NHs in water, c.a. 1.3 mmol) was added to an aqueous solution of AgNO3 (30 mg, 0.18 mmol
in 3 mL). The solution turned yellow upon ammonia addition, and quickly turned back to a
translucent solution upon stirring. It was left to stir at r.t. for 30 minutes under the dark. The
resulting translucent solution was degassed with Ar for 5 minutes before being transferred to

the glovebox.
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Preparation of a Ag@CMC suspension (300 mg/mmol mcmc/nag ratio). In a 5 mL
microwave vial, the Ag(NHzs)2"solution (2 mL, 60 mM) was added to a carboxymethyl
cellulose sodium salt solution (3.6 mL, 10 g/L in water). The vial was capped and the solution
was irradiated under microwave irradiation at 100 °C for 5 min. The heating time is defined
when the desired temperature is reached. A pressure/temperature/time profile of a typical
microwave reaction is shown below (Figure 13), showing a slight pressure build-up (up to 2

bar) during the reaction.

et

Figure 13. A typical microwave temperature/pressure/time profile (power = red, temperature
= blue, pressure = green (axis on the right))

Grafting of FesOs on Ag@CMC (39 mg/mmol mcmc/nre ratio, Ag/FesOas theoretical
molar ratio: 1/8). In a 5 mL microwave vial, the iron salts were loaded: FeSO47H.0 (53 mg,
0.20 mmol), FeClz6H20 (102 mg, 0.40 mmol) and H2O (0.9 mL). The solution was stirred a
few seconds until it turns into a homogeneous orange translucent solution. Then Ag@CMC
(1.2 mL) suspension was added under heavy stirring and NaOH (1.88 mL, 1.25 M) was added
drop by drop to the solution, at which point black NPs formed quickly. It was stirred for an

additional 5 min under room temperature before being capped and put to microwave at 100 °C
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for 5 min. These NPs were then washed three times with water while held to a permanent
magnet before being used directly for catalytic tests. Alternatively, they can be washed with
ethanol and dried overnight in a vacuum oven for characterization.

Aldehyde hydrogenation. A typical reaction consisted of the re-suspension of the NPs in 9
mL H20 in a glass vial followed by the addition of the substrate (0.33 mmol). The vial was
loaded in a stainless steel autoclave reactor. The solution was purged three times with
hydrogen. Under 40 bars of H, the reaction mixture was stirred for 24 h at 100 °C. Then the
reaction was allowed to cool to room temperature. After carefully releasing the hydrogen, the
catalyst was retrieved with a permanent magnet. The aqueous phase was saturated with sodium
chloride and extracted with ethyl acetate (3 x 10 mL). The combined organic phase was dried
with MgSO. and concentrated in vacuo and the crude oil was analyzed by *H NMR. For
recycling experiments, the catalyst was separated from the liquid phase using an external
permanent magnet and washed three times with ethyl acetate and water under air before
immediate re-use.

Product isolation. In order to ascertain the nature of the hydrogenation product of the model
reaction (using benzaldehyde as a substrate), it was isolated and characterized by *H NMR.
Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 F254
precoated plates (0.25 mm). Flash chromatography was performed with Biotage Isolera One
Flash Purification System, using Biotage SNAP Ultra 259 prepared column. Pure benzyl
alcohol was obtained as a colorless oil in 93% isolated yield (33 mg). *H NMR (Figure 14, 500

MHz, CDCls, 20 °C): § 7.37 (m, 4H), 5 7.30 (m, 1H), 5 4.69 (s, 4H).
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Figure 14. 'H NMR of isolated benzyl alcohol.

Aldehyde oxidation. A typical reaction consisted of the re-suspension of the NPs in 2 mL

H>0 in a5 mL microwave vial followed by the addition of the substrate (0.33 mmol). The vials

was capped under air, then the reaction mixture was stirred for 24 h at 55 °C in an oil bath.

Then the reaction was allowed to cool to room temperature. After opening the vial, the catalyst

was retrieved with a permanent magnet. The aqueous phase was saturated with sodium

chloride, acidified with HCI and extracted with ethyl acetate (3 x 10 mL). The combined

organic phase was dried with MgSO4 and concentrated in vacuo and the crude oil was analyzed

by 'H NMR.
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It's on America's tortured brow that Mickey Mouse has grown up a cow

Now the workers have struck for fame because Lennon's on sale again

See the mice in their million hordes from Ibiza to the Norfolk Broads

Rule Britannia is out of bounds

To my mother, my dog, and clowns

Jones, D.R.; Ronson, M.; Bolder, T.; Woodmansey, M.; Wakeman R. Life on Mars?, Hunky Dory, 1971, 4,
9:43-13:38.
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The Ag-Fes0.@CMC system presented in chapter 3 was advantageous in terms of green
chemistry with the synthesis of a water-soluble catalyst using microwave irradiation. The use
of water was attractive in terms of toxicity and flammability, however it caused product
extraction issues in the case of substrates such as 5-HMF. To overcome solubility issues, we
then turned to ball-milling, a less researched method in reduction chemistry. In chapter 4 1 will
present the metal-free and mechanochemical reduction of carbonyls.
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4  Mechanochemical metal-free transfer hydrogenation of carbonyls using

polymethylhydrosiloxane as hydrogen source

This chapter is based upon one published article. The American Chemical Society granted

permission to reprint the published article, as did all co-authors.

Alain Li, Andréanne Segalla, Chao-Jun Li, Audrey Moores, ‘Mechanochemical Metal-Free
Transfer Hydrogenation of Carbonyls Using Polymethylhydrosiloxane as the Hydrogen
Source’, ACS Sustainable Chem. Eng., 2017, 5, 11752-11760.
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4.1 Abstract

We report herein a new methodology for the rapid and selective reduction of carbonyls
in the solid phase. By exploiting mechanical energy and using a cheap and air-stable silane,
polymethylhydrosiloxane (PMHS), we can reduce a variety of carbonyl compounds, with
catalytic amounts of fluorides. A scope of 19 substrates was explored to probe the generality
of the method. In addition, an important biomass-based platform chemical, 5-
hydroxymethylfurfural (5-HMF) and an insoluble polymer, polyketone, could be reduced with
this methodology. A mechanistic study is also presented, suggesting the active role of volatile
silane species. This method is particularly appealing to overcome substrate solubility issues

and reduce solvent reliance in organic synthesis.

4.2 Introduction

The reduction of carbonyls to alcohols is a key reaction in the chemical industry,
spanning from the production of commodity chemicals to pharmaceutical compounds. On the
lab scale, this is often done using stoichiometric amounts of hydrides, such as NaBHa4 or
LiAIH4.2 Catalytic methods relying on transition metals allowed to unravel the potential of
molecular hydrogen gas for this reaction, via the development of highly active and chemo-,
regio- and enantioselective systems, with high atom-economy. Alternatively, catalytic transfer
hydrogenation reactions have been developed, whereby cheap and available hydrogen sources
are selected, for instance alcohols, with the advantage of alleviating the need for high pressure.*
Alternative reducing agents such as sodium formate,® Hantzch ester,® various isopropoxides,’
or silanes® have been successfully reported. They also pave the way for hydrogen borrowing
strategies, as green cascade methodology to build molecular complexity in one-pot.®

Polymethylhydrosiloxane (MesSi-(OSiMeH),OSiMe3, abbreviated as PMHS) was first
reported by Nitzsche and Wick in 1957 for the reductive silylation of carbonyls with organotin
compounds. As a waste of the silicon industry, PMHS is an inexpensive and abundant chemical
with reducing abilities.'® Contrary to other silanes, it benefits as well from its non-toxicity,

moisture stability, and ability for its Si-H bonds to be easily activated under mild conditions.

Since then, it has been explored in solution phase with different activators such as Ti'! Cu,?
Fe,'® Zn,** TFA,® fluorides,® or bases. Typically, Kobayashi et al. used stoichiometric
amounts of tert-butyl ammonium fluoride (TBAF) or KF, at -70 or 0 °C, to perform both the
hydrosilylation and the subsequent Si-O bond cleavage (Scheme 217A).1” Notably, this scheme

based on silicon and fluoride chemistry is completely transition metal-free, and parts from the
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use of hazardous traditional hydrides. Further developments involved the use of tBuOK and
KOH to activate PMHS as shown by the Nikonov group.!® Their mechanistic studies show a
base-induced rearrangement of the polymer into shorter volatile hypervalent silicon species,
highly active for carbonyl reduction. PMHS is also a suitable reagent for the chiral reduction

of carbonyls.®®

Beyond carbonyl reduction, silane chemistry has recently been highlighted as a powerful
reagent to develop metal-free and non-toxic organic pathways. Cantat et al. reported the
conversion of CO; to afford amine formylation products?®® or formamidine derivatives, using
PMHS.?! They also used Si-H bond as part of a frustrated Lewis Pair (FLP) scheme to reduce
C0,.22 The Beller group showed as well the convenient conversion of amides into amines with
PHMS.Z

A) TBAF/PMHS system in liquid phase

1-TBAF (5 mol%) IT'
0 PMHS, THF OHH L8
R)J\R. 2-KFor TBAF g~ <gi Me
(1 equiv.) PMHS
B) NaBH, using mortar and pestle
@] Me OH

Me NaBH, Ve =
m chiral auxiliary mH
) 1. mortar grinding )
o n 2.5 days aging &) 0 01 n
n=0,
C) NaBH, in ball mill

0
NaBH, (+LiCl for esters)
R >
ball-milling, 6-17 h &
X X

D) This work

OH

Ax

TBAF@SIiO, (25 mol%) or
KF/18-crown-6 ether (50 and 25 mol%)
0 PMHS

OH
RJ\R' ball-milling, 15-90 min& ] Rk:

Scheme 217. Selected liquid phase and mechanochemical strategies for carbonyl reduction.

All these methods however call for the use of solvents, either to ensure good gas miscibility,
since gas-liquid mixing is often rate-determining,?* or as the “hydrogen” provider itself.?® Yet,
solvents contribute significantly to waste generation in the chemical enterprise. For instance,
an estimation published by Glaxo-Smith-Kline revealed that solvents represented 85% of the

total mass of chemicals used in pharmaceutical manufacture.?® Recently, mechanochemistry, a
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method enabling reactions in solid phase, with limited amounts or no solvents, and using
mechanical energy emerged as an interesting alternative to liquid-phase methodologies.?’ It

also offers new solutions for addressing issues related to recalcitrant or insoluble substrates.?®

Despite the rising popularity of ball-milling, it has been seldom investigated for carbonyl
reduction methodology (see section 1.3.2). Toda et al. reported the reduction of ketones using
NaBH, by mortar grinding and aging in a dry atmosphere for 5 days.?® They could synthesize
a range of chiral hydroxyketones of synthetic interest with 100% ee using (+)-taddol as a chiral
auxiliary Scheme 217B). Mack and co-authors reported the use of NaBH4 in ball milling to
reduce a wide range of aromatic carbonyls.*® By adding LiCl, they could generate LiBH4 in
situ and reduce esters, although after several hours of milling (Scheme 217C). This system was
further studied by Naimi-Jamal et al.*! who analyzed the sodium tetraalkoxyborate
intermediates as well as the selectivity of the reaction. Alternatively, Wang et al. performed
the reductive amination of aromatic aldehydes, using Hantzch ester as a reductant and zinc
chloride as a catalyst.3? These examples are, to the best of our knowledge, the only examples
of solid-state reduction of carbonyls and imines.* Although NaBH, and the Hantzch ester are
highly popular, they suffer from safety issues for the former,3* and toxicity issues for the latter,
including the generation of pyridine derivative as byproducts.®

In our continued efforts to develop greener chemical reductions, we herein present the
reduction of carbonyls using ball milling. We first tested a few biomass-derived molecules
(cellulose, lignin, sorbitol and glucose), as well as paraformaldehyde as hydrogen donors,
activated by KOH or NaOH. Then, we turned to PMHS, as an industrial waste material, stable
and non-toxic hydrogen source activated using catalytic amounts of solid fluorides
(TBAF@SiO2). In the Muller-Rochow process for the synthesis of MexSiCly, the main
feedstock for the silicone industry, MeHSICl, is obtained as a byproduct (up to 4 wt%
amounts).® Upon hydrolysis, this species can be polymerized easily into PMHS. This method
afforded moderate to excellent yields on a range of substrates, in short reaction times.
Importantly, it opened avenues to address separation issues in the context of 5-
hydroxymethylfurfural (5-HMF) hydrogenation and solubility issues for a polyketone

reduction.

4.3 MOH-based system
4.3.1 Introduction

227



Chapter 4 - Mechanochemical metal-free transfer hydrogenation of carbonyls using polymethylhydrosiloxane as

hydrogen source

Biomass polymers have been reported by former members of the Moores group to be
able to reduce metals salts into NPs, then act as capping agents. For instance, Kaushik et al.
extensively developed crystalline nanocellulose (CNC) to make Ag, Pd, Ru NPs in agueous
solution.®”% This strategy has also been explored with CMC in the previous chapter. Rak et al.
had opted for lignin to prepare Ag, Pd, Re, Ru, and Au NPs in ball-milling conditions.*%-2
Inspired by these works, we first wondered if we could use a CNC or a lignin-based bio-based
reductant for the reduction of carbonyls in ball-mill. Indeed, the previous chapter raised a few
issues, stemming from the use of H.O a solvent. As much as H>O proved to be a safe and
affordable reaction medium, using a solvent came with drawbacks during the substrate scope.
In the case of 5-HMF and its reduction product, their high solubility in H2O made their isolation
extremely difficult. On the contrary, highly hydrophobic substrates (such as 4-
(trifluoromethyl)benzaldehyde) prevented a proper mixing with the catalyst. Thus, we will try
to prevent these issues by switching to mechanochemically-induced reactions. Due to the
incompatibility of Hz with ball-milling, we also looked for easy-to-handle reducing agents,
preferably based on biomass or industrial waste. We had initially conducted the optimization
phase using stainless steel jars and a stainless ball for milling. Eventually, we moved to the
current apparatus due to their lower price and similar performance. Furthermore, we had
concerns that stainless steel could react with the mixture, as had been reported previously by
our group.*® We used ZrO balls as they were more durable on the long run and harder than
Teflon balls.

4.3.2 Results and discussion
We first turned to alkali base-catalyzed transfer hydrogenation. Indeed, MOH (M = Cs, Na, K)
can induce a MPV-style hydride transfer between carbonyls and alcohol donors (Scheme 81,

see chapter 1 —section 1.6.1).

R~ OOH
MOH l M
M (oG] OH 0
+ R/\O —_— : : —_— +
RJ\H R \H’J\R' R)\H R)J\H

cellulose lignin
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Scheme 218. Primary alcohol found in biopolymers as reductants.

Thus, we first tested the reduction of 4-anisaldehyde in ball-milling conditions, using bio-
derived compounds as hydrogen donors, and KOH as a base. CNC or Kraft lignin gave no
conversion (Table 7) whereas using sugar monomers such as sorbitol or glucose gave
respectively 32% and 50% alcohol yield. However, we observed a concomitant generation of
the same amount of carboxylic acid (36 and 41% respectively). This shows that a Cannizzaro-
style pathway is occurring, with a dismutation of two equivalents of aldehyde into an alcohol

and a carboxylic acid.

/@/CHO KOH, hydrogen donor /@/CHon . /©/002H
30 Hz, 90 min
MeO & MeO MeO

e
Entry Hydrogen donor Result
1 CNC NR
2 Kraft lignin NR
3 sorbitol 32% alcohol, 36% acid
4 glucose 50% alcohol, 41% acid

Reaction conditions: 4-anisaldehyde (30 mg, 0.22 mmol), KOH (90 mg, 1.6 mmol),
hydrogen donor (80 mg). Ball milling (Teflon jar, 1 ZrO; ball) 29.5 Hz, 90 min, 200 mg
total material weight. Mesitylene was used as an external standard for NMR analysis.

Table 7. Use of biomass-derived molecules for reduction of 4-anisaldehyde in ball-milling.

We observed the slight excess of alcohol compared to the acid formed in presence of glucose
(1.25/1 ratio), whereas sorbitol did not give such an excess (0.9/1). Thus, we thought that the
aldehyde function observed on glucose could still act as a reducing function (contributing to

20% of the overall alcohol formation) whereas sorbitol did not possess such an ability.

Therefore, we thought that adding an excess of a sacrificial aldehyde to inhibit the oxidation
of the aldehyde substrate. We opted for paraformaldehyde as a solid and inexpensive sacrificial
aldehyde. We also switched the base to CaO due to its easier handling and lower hygroscopicity
(Table 8). Employing either a 2-fold or 4-fold excess of paraformaldehyde, we raised the
alcohol/acid ratio to 2/1 and 3/1 respectively.

/@/CHO CaO/paraformaldehyde /O/CHon . /©/002H
30 Hz, 90 min
MeO & MeO MeO

Entry CaO/paraformaldehyde amounts Results
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67% alcohol, 33%

1 6.5 equiv. Ca0, 2 equiv. paraformaldehyde acid
0, 0,
2 5.7 equiv. Ca0, 4 equiv. paraformaldehyde 4% algg?dol, 26%

Reaction conditions: 4-anisaldehyde (48 mg, 0.35 mmol), CaO and paraformaldehyde. Ball
milling (Teflon jar, 1 ZrO, ball) 29.5 Hz, 90 min, 200 mg total material weight. Mesitylene

was used as an external standard for NMR analysis.

Table 8. Use of formaldehyde for the reduction of 4-anisaldehyde in ball-milling.

Nonetheless, despite the high excesses of paraformaldehyde employed, we still observed a non-
negligible formation of carboxylic acid. Under the conditions described above, we could not
avoid dismutation of 4-anisaldehyde. Consequently, we looked for alternative reducing agents
that are compatible with ball-milling conditions, namely PMHS that has been introduced in the

preamble of this chapter.

4.4 TBAF-based system
4.4.1 Optimization and substrate scope

To develop the methodology, we first focused on 4-formylbenzonitrile as a model
substrate. Indeed, as a solid electron-poor aromatic aldehyde, it is expected to be more reactive
than 4-anisaldehyde under reduction conditions. Several fluoride salts, including KF, LiF and
TBAF@SIiO, were examined. We found that TBAF@SiO3, a silica-supported fluoride source,
was the most successful to activate PMHS with the model substrate. It is a less hygroscopic
fluoride source than its liquid counterparts, which we reasoned could prevent any potential
water-quenching of the activated silane. As reaction conditions were optimized, we realized
that 25 mol% of TBAF@SiO. was sufficient in activating PHMS, which is an improvement
compared to the Kobayashi’s solution methodology relying on stoichiometric amounts of
fluoride.r” After optimizing quantity of reagents and milling time, the corresponding alcohol,
4-(hydroxymethyl)benzonitrile, was obtained in 82% yield within 15 minutes of milling, using
25% TBAF@SIO2 and 1.7 equivalents of PMHS (Table 9, entry 1).

In an effort to improve the reaction rates, addition of stoichiometric amounts of solvent was
tested (typically 0.5 pL per mg of substrate). This method, also known as liquid-assisted
grinding (LAG),”® has been successful, for instance in the synthesis of metal organic
frameworks,* co-crystallizations,* or selective fluorination.*® Adding EtOAc increased the
yield to 94% (Table 9, entry 2). Addition of toluene afforded a moderate yield improvement to
87%, while with THF and notably water, the reaction performance was unchanged (Table 9,
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entries 3 to 5). As we will discuss below, the effect of the choice of LAG solvent greatly varied
depending on the substrate. Control experiments were conducted to ascertain the role of each
component in the system. Replacing TBAF@SiO2 with KF or LiF (Table 9, entries 6 and 7) or
removing either the fluoride source or the PMHS (Table 9, entries 8 and 9) totally disabled the

reaction.
o 25 mol% TBAF@SiO, OH
1.7 PMHS, 0.5 uL/mg LAG solvent
NCﬁH & 15 min, 29.5 Hz NC/©)\H
Entry Modification Alcohol yield (%)
1 - 82
2 LAG solvent: EtOAC 94
3 LAG solvent: Toluene 87
4 LAG solvent: THF 83
5 LAG solvent: H.0 82
6 KF as a fluoride source NR
7 LiF as a fluoride source NR
8 No TBAF@SIiO: NR
9 No PMHS NR

Reaction conditions: 4-formylbenzonitrile, 1.7 PMHS, 25 mol% TBAF@SiO2, LAG
solvent (0.5 pL/mg substrate). Ball milling (Teflon jar, 1 ZrO- ball) 29.5 Hz, 200 mg total
chemical products weight.

Table 9. Control experiments.

Next were investigated benzaldehyde derivatives. Milling time, fluoride source, and choice of
LAG solvent were optimized for each substrate. The detailed results for each substrate and
conditions tested are given in Table 17 in the Appendix (section 4.7). Here in the main text we
will show only the optimized results. Electron-poor benzaldehydes such as 4-
formylbenzonitrile,  4-nitrobenzaldehyde,  4-(trifluoromethyl)benzaldehyde and  3-
bromobenzaldehyde (Table 10, entries 1 to 4) gave high yields between 78% to quantitative.
EtOAc was the best LAG solvent there, except for 4-nitrobenzaldehyde, which worked better
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in absence of such an additive. Notably 4-(trifluoromethyl)benzaldehyde worked well under
milling conditions despite being a liquid at room temperature. Chloride-substituted
benzaldehydes proved to give different optimal results depending on the position of the
substituent, ranging from 56% for 2-chlorobenzaldehyde to 73% for 4-chlorobenzaldehyde and
96% for 3-chlorobenzaldehyde, with the optimal LAG solvent being none, toluene and EtOAc
respectively (Table 10, entries 5 to 7). 4-Ethynylbenzaldehyde and 9-
anthracenecarboxaldehyde, as electron-rich substrates, were successfully reduced at yields of
84% and 72%, respectively, with no LAG solvent and ethyl acetate respectively (Table 10,
entries 8 and 9). 1,2-conjugated unsaturated carbonyls, such as citral, were successfully
reduced in moderate yields of 65% with toluene as LAG solvent, despite its lower reactivity
due to the absence of a benzylic position (Table 10, entry 10). No trace of the C=C reduction
product was detected, showing excellent selectivity (see section 1.2.3). For 4-
nitrocinnamaldehyde, initial results gave 28% yield after 15 minutes of milling (Table 10, entry
11). Extending reaction time did not significantly alter the reaction progress. We reasoned that
the active species was likely degrading under the milling conditions. Inspired by the approach
each, followed by 10 minutes of milling and successfully increased the yield from 28% to 63%
(Table 10, entry 12, with 50 mol% TBAF@SiO added once at the beginning of the reaction).
Protic aldehydes and imines showed no reactivity to the reaction (Table 10, entries 13 to 15).
Most examples in the literature seem to indicate that imine hydrosilylation does not seem to
proceed under fluoride activation unless a Lewis acid or a transition metal catalyst is added.
We attempted to use Zn(OTf). as a Lewis acid to activate the imine, unfortunately to no avail
(Table 10, entry 14). With our system, the reaction proceeded very fast, with 15 minutes being
the optimal reaction time. Prolonging the reaction for longer than 15 minutes usually does not
improve the yield, pointing towards the fast degradation of the active species. In comparison,
the reaction times in the carbonyl reduction with NaBH4 was longer, with milling between 6
and 17 hours,*® while reduction by the Hantzch ester proceeded within 90 minutes of milling.%

TBAF@SIO, (25 mol%)
O 1.7 PMHS, 0.5 uL/mg solvent OH

R™ "H & 29.5 Hz R™ "H

Entry Substrate Product LAG T|r_ne Yield (%)
solvent (min)
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~o0 OH
1 EtOAC 15 94
NC NC
o) OH
2 - 15 86
O,N O2N
o) OH
3 g g EtOAc 15 78
FsC FsC
~o OH
4 EtOAC 15  quantitative
Br Br
~0 OH
5 - 15 56
Cl Cl
cl Cl
6 @AO \©AOH EtOAc 15 96
~o OH
7 /@A /@A Toluene 15 73
cl Cl
~o OH
8 - 15 85
Z Z
_0 OH
oo oo "
b
10 ™ N o )\/\)\/\OH Toluene 15 65
11 15 29
ISR T
12 ON ON 3*10 630
= OH
13 /@AO /@A . 90 NR
HOOC HOOC
= OH
14 /@AO /@A S NR
HO HO
e T Th - e o
NG p-Tol NG p-Tol
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| |
NC p-Tol NG p-Tol

Reaction conditions: Substrate, 1.7 PMHS, 25 mol% TBAF@SiO2, LAG solvent (0.5
pL/mg substrate). Ball milling (Teflon jar, 1 ZrO> ball) 29.5 Hz, 200 mg total material
weight. ®PMHS was added in three portions consisting of 10 minutes of milling, one
equivalent each. 100% selectivity to the C=0O reduction product. °50 mol% TBAF@SiO;
was used. 25 mol% Zn(OTf), was added to the mixture.

Table 10. Scope of aldehydes and imines.

Ketones were then investigated. Electron-poor acetophenones such as 4’-nitroacetophenone,
4’-bromoacetophenone, and 4’-iodoacetophenone (Table 11, entries 1 to 3) gave high yields,*
following a similar trend to previously reported. With 4’-nitroacetophenone, using 25 mol%
TBAF@SIiO; gave a 71% yield after 90 minutes of milling. In an effort to improve this reaction,
we screened other fluorides. While KF gave no reaction, the addition of 25% 18-crown-6 ether
in conjunction with 50 mol% KF increased the yield to 81% after only 15 minutes of milling
(Table 11, entry 1). The crown ether is known to coordinate with the K* cation to enhance the
reactivity of the F~ anion, as previously applied by Goldberg et al. in solution phase.*® Similarly
to aldehydes, electron-rich or sterically hindered ketones such as 2°,6’-
dimethoxyacetophenone,  4’-methoxyacetophenone,  4-methylbenzophenone and 4-
bromobenzophenone proved to be more challenging, giving no reaction to low yields (Table
11, entries 4 to 7). In the case of 4-methylbenzophenone, increasing the milling time from 30
minutes to 90 minutes decreased the yield from 59% to 44% (Table 11, entry 6), hinting at a
possible degradation of the product. 2-bromo-4’-nitroacetophenone was reduced in moderate
yield (46 %) with 25 mol% TBAF@SiO, while preserving the reactive bromine functionality
(Table 11, entry 8). Our system proved completely inactive on aliphatic ketones such as
cyclopentanone and camphor (Table 11, entries 9 to 10).

Fluoride source
'e) 1.7 PMHS, 0.5uL/mg solvent OH

)]\ >

R” "R’ & 29.5 Hz R” "R’

Entry Substrate Product Fluoride LAG Time Yield
solvent  (min) (%)

KF/18- .
1 /(j)k Q)\ crowng other | TOlUENE  15(90)  86(717)
O,N O,N
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(0] OH
2 /O)\ /O)\ TBAF@SiO, Toluene 15 82
Br Br
(0] OH
| |
OMe O OMe OH
4 @fj\ d\ TBAF@SIO; - 90 NR
OMe OMe
(0] OH
5 /(j)k /©)\ TBAF@SiO, EtOAc 15 47
MeO MeO
(@] OH
6 /©)kph /@A% TBAF@SIiO> - 30(90)  59(44)°
(0] OH
7 Ph Ph KF/18- Toluene 15 40
crown-6 ether
Br Br
(0] OH

/©)\ TBAF@SIO;  EtOAc 15 46
Br
N

9 ij ij TBAF@SIO; - 90 NR
)10 )15

10 ;& ;& TBAF@SIO: - 90 NR
OH

Reaction conditions: Ketone, 1.7 PMHS, 25 mol% TBAF@SiO2 or 50 mol% KF/25 mol% 18-

crown-6 ether, LAG solvent (0.5 pL/mg substrate). Ball milling (Teflon jar, 1 ZrO> ball) 29.5

Hz, 200 mg total material weight. #Yield in parentheses: TBAF@SiO2 25 mol%, 90 minutes of
milling. PYield in parentheses: TBAF@SiO2 25 mol%, 90 minutes of milling.

Table 11. Scope of ketones.

To test the feasibility of the process on the gram scale, the reaction was tested in a planetary
mill (Scheme 219). After 30 mins of milling at 500 rotations per minute, an isolated yield of
78% was afforded.
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o TBAF@SiO, (25 mol%) OH
1.7 PMHS
o o
planetary mill
O,N 500 rpm, 30 min OyN
1.8 g scale 78% isolated yield

Scheme 219. Gram scale reduction of 4-nitrobenzaldehyde.

4.4.2 5-Hydroxymethylfurfural reduction

To showcase the intrinsic advantages of our system, we investigated specific substrates where
the liquid phase reaction shows limitations. 5-HMF is a platform biomass-based chemical that
can be produced from the triple dehydration of hexoses.™ It can be used as a starting material
to access a wide range of furan-type compounds. For instance, the aldehyde function can be
reduced to obtain 2,5-dihydroxymethylfurfural (DHMF, see section 1.2.2). However, both
HMF and DHMF are difficult to extract from water due to their low partition coefficient.®! Liu
et al. reported 2-butanol/THF 1:4 ratio as an efficient mixture for HMF extraction.>
Continuous extraction in biphasic systems such as water/methyl isobutyl ketone (MIBK)
mixtures was also reported.>® All these methods are intricate and require complicated solvent
mixtures. Under our standard conditions, with 25 mol% TBAF@SIO», 1.7 equivalents of
PMHS, and milling for 15 min at 29.5 Hz, only 36% of the product was obtained (Table 12,
entry 1). Adding toluene as a LAG solvent only afforded a minor yield increase to 41% (Table
12, entry 2) and increasing the milling time did not change the yield (Table 12, entry 3).
Varying milling times between 15 and 90 minutes with or without a LAG solvent afforded at
the best a 50% yield. Again, by fractioning the addition of PMHS to the reaction mixture into
three equal portions of one equivalent each with 10 minutes of milling upon each addition, the
yield could be increased to 69% (Table 12, entry 4). Interestingly, after reaction, both the
product and the starting material were easily extracted with ethyl acetate, and a simple
filtration. As no water was introduced during either the reaction or the work-up, this procedure
solved very simply the challenge of separating HMF and its products from reaction mixtures.

25 mol% TBAF@SIO,

OH PMHS, 0.5 uL/mg solvent OH
o O g O OH
KE/)—/( & 29.5 Hz KE/)_/
H
HMF DHMF
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Entry PMHS (equiv.) LAG solvent Time (min) Yield (%)
1 1.7 - 15 36
2 1.7 Toluene 15 41
3 1.7 - 90 27
4 3 in 3 equal portions - 10, 3 times 69

Reaction conditions: HMF, PMHS, 25 mol% TBAF@SiOz, LAG solvent (0.5 pL/mg
substrate). Ball milling (Teflon jar, 1 ZrO> ball) 29.5 Hz, 200 mg total material weight.
4PMHS was added in three portions followed by 10 minutes of milling each.

Table 12. HMF reduction.

Various milling times (15, 30, 60 and 90 minutes) with or without Toluene as a LAG solvent
were tested for the reduction of HMF to DHMF. The yield was measured as well as the mass
balance (Table 13). As mentioned previously, the yield was at 36% for 15 mins of milling
(Table 13, entry 1). By increasing the milling time, it peaked at around 50% for 30 and 60
minutes (Table 13 entries 2 and 3), then dropped back to 36% at 90 minutes (Table 13, entry
4). An average of two experiments was taken for 15 mins and 90 mins of milling (Table 13,
entries 1 and 4), showing a sizeable discrepancy of results (up to 18% difference). Adding
toluene as a LAG solvent helped boosting the yield, though it seemed to be capped at 50%
regardless of the milling time (Table 13, entries 5 to 8). The carbon mass balance (defined as
the detectable organic material at the end of the reaction) was at 93% at 15 mins of milling
(Table 13, entry 1). It decreased by around 10% for additional milling times (Table 13, entries
2 to 4). Adding a solvent such as Toluene helped bringing the mass balance to almost 100%
(Table 13, entries 5, 7 and 8), except for 30 mins of milling (Table 13, entry 6).

Yield (%) Mass balance (%)

Entry Milling time

No LAG
1 15 mins 36%! 93%
2 30 mins 52% 86%
3 60 mins 48% 84%
4 90 mins 36%2 88%
Entry Millingtime  LAG (Toluene, 0.5 pL/mg)
5 15 mins 41% 99%
6 30 mins 49% 78%
7 60 mins 50% 100%
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8 90 mins 50% 100%

l(average of 30% and 42%) ?(average of 27% and 45%)
Table 13. HMF reduction optimization-yields and mass balance

Hu et al. summarized most examples of HMF reduction to DMHF from the literature in a single
table.>* A few selected examples are provided below (Table 14) and the reader is invited to
refer to Hu’s article for a more exhaustive list. Few metal-free examples have been reported,
with the exception of Kim’s system conducted in ILs* and Afonso’s report in THF or water,®
where they both conducted a Cannizzaro reaction. Under basic conditions, HMF dismutates
into DHMF and the corresponding carboxylic acid: by construction, the yield cannot be higher
than 50%. Afonso provided an easy and scalable isolation protocol by performing a specific
crystallization. Enzymatic processes have been reported, at the cost of a high dilution inherent
to such processes.>” Other examples involve the use of precious metals (Ir, Pd, Au, Pt, Ru, Ag,
Cu, Ni) as hydrogenation catalysts, and some of them are listed in the table below.%®%° Based
on Hu’s and our own literature survey, our report is the first one of its kind for HMF reduction

to DMHEF in ball-milling.

Catalyst Reaction conditions Results Reference
TBAF@SIO2 as 3x1 equiv. PMHS, milling 70% conversion, 100% This work
an activator 29.5 Hz, 3x10 min selectivity
CuCrO2 350 bar H», EtOH, 150 °C, 100% conversion, 90- 58
12 h 100% selectivity
Ru/support 28 bar Hz, tBuOH-H»0, 130 87-99% vyield, 59
(CeOx, Mg-Zr,y- °C,2h 81-94% selectivity
Al>O3
[Cannizzaro NaOH, lonic liquid 50% yield (dismutation 55-56
reaction] ([EMIM]TFSI) or reaction)
water/THF
Co/SiOz inflow 35 bar Hp, 70 °C, H,0,2h  >80% conversion, >90% 60
selectivity
enteric bacterial 37 °C, 10 mM substrate in a 95% conversion 57
strains buffered aqueous solution, 8
h

Table 14. HMF reduction to DHMF in the literature.

4.4.3 Polyketone reduction

Finally, we explored the opposite side of the solubility issue. Polyketones are a class of
thermoplastic polymers developed by Shell Chemicals (under the name of Carilon) and
238



Chapter 4 - Mechanochemical metal-free transfer hydrogenation of carbonyls using polymethylhydrosiloxane as

hydrogen source

produced now by Hyosung. Among other interesting properties, they possess a significantly
higher melting point than their polyethylene counterparts, and a low solubility in most solvents.
They are produced from CO/olefin copolymerization.®* Polyketones have a very poor solubility
in most solvents. The hydrogenation of their carbonyl functionality has been investigated as a
means to improve their ability to dissolve in protic media. In this scheme, even partial reduction
can be beneficial. The reduction of polyketones has been reported by Milani and co-workers
with the transfer hydrogenation of atactic CO/4-Me-styrene polyketones in liquid phase.®?
Using a 2-propanol/dioxane 5:3 mixture and [Ir(cod)(Mezbipy)CI] as a catalyst, they obtained
a 70% conversion of the polymer into the corresponding polyalcohol. To the best of our
knowledge, this is the sole example of polyketone reduction in the literature. We were
interested in exploring this reaction by mechanochemistry, as this methodology has been shown
in recent examples to afford sustainable solutions for polymer functionalization and
deconstruction challenges.?® % We also saw an opportunity to perform this reaction without
relying on any metal. For this reaction, we synthesized polyketone, using Pd catalyzed styrene
and carbon monoxide copolymerization with a procedure adapted from Guo et al (Scheme
220).%4
Pd(OAc), (0.043 mol%)

2,2'-bipyridine (0.11 mol%)
p-toluenesulfonic acid (0.11 mol%) O

©/\ , CO 1,4-quinone (1.53 mol%)
(40 bar) MeOH (6 mL), 2.5 h, 70 °C "

131 mmol

Scheme 220. Polyketone synthesis.

In this fashion, we obtained a polyketone sample featuring a number average molecular weight
of 2200 g/mol and weight average molecular weight of 2400 g/mol, as determined by matrix-
assisted laser desorption/ionization — time of flight (MALDI-TOF, Figure 15).
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Figure 15. MALDI-TOF analysis of the polyketone.

The structure was further confirmed by 3C-MAS NMR (Figure 16).
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Figure 16. *C-MAS NMR spectrum of the polyketone.
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Identification of the different oxygen peaks by XPS was based on Lopez’s report® that listed
several C=0 and C-O containing organic polymers. Sample was contaminated with
poly(dimethyl siloxane) (PDMS),% which is the adhesive used to hold the sample and overlaps
with the signals in the oxygen 1s region (Figure 17) XPS also confirmed the absence of

palladium in the samples (Figure 18).

C=0 (aliphatic)
532.2 eV

PDMS contamination
531.6 eV

L)
5360 5320 5280
Binding Enetgy (eV)

Figure 17. XPS analysis of polyketone — O1s region.
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Figure 18. XPS scan of the Pd3d region.

We then loaded this sample in a stainless-steel jar with 2 balls to increase the impact energy,
compared to the small molecule substrates. After 90 mins of milling and 2 days of aging 54%

of the C=0 bonds were converted to C-O bonds (Scheme 221), as shown by XPS (Figure 19).

50 mol% KF H o
O 25 mol% 18-crown-6 ether
1.7 PMHS

n & 29.5 Hz * e
stainless steel jar/ball O O
90 mins milling, 2 days aging

Scheme 221. Polyketone reduction.
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Figure 19. XPS analysis of polyketone after reduction — O1s region.

444 Mechanism elucidation

The reduction of carbonyls in the solution phase by PMHS has been studied by other
researchers. Lawrence originally proposed a ‘zipper’ mechanism where the fluoride migrates
from one monomer to another, activating several Si-H bonds in the process (Scheme 222a).1°
Although this pathway would account for the use of only catalytic amounts of F" rather than
one equivalent per carbonyl, the extremely high bond strength of Si-F (582 kJ/mol) makes it
unlikely.
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a) Lawrence's "zipper' mechanism
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Scheme 222. Proposed mechanisms for the activation of PMHS with fluoride. For clarity,

fluoride and active hydrides are highlighted in red and blue, respectively.

Nikonov and coworker revised the mechanism considering that the hydride may migrate along
the PMHS chain, before the insertion of the carbonyl occurs.® This leads to the rearrangement
of the PMHS chain into oligomers and eventually monomeric, volatile HsSiMe (Scheme 222).
HsSiMe can further react with fluoride to form [HsSiFMe]", an hypercoordinate species.
Nikonov was able to rationalize their observation that reactivity would drop in an open vessel
in solution. In our case, such a mechanism can explain that we observed gas pressure build-up

in the jars when they were opened after the milling.

To verify if the mechanochemical reduction reaction relied on the generation of reaction silicon
volatiles, we performed a test experiment. Replicating the optimal conditions for the reduction
of 4-formylnitrile (Table 10, entry 2), we first milled the PMHS and the TBAF@SIO, for 15
minutes alone, carefully opened the jar under the fumehood, and then added the aldehyde to be
milled again for 15 minutes (Scheme 223). Only traces amount of product was formed, which
is compatible with the active species being gaseous and escaping the reaction vessel upon its

opening.
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Two step test

TBAF@SIO, 1- & 29.5 Hz, 15 mins /©/CH20H

+
CHO
PMHS
2- & 29.5 Hz, 15 mins NC
NC 4% vyield

Cannula experiment

A=TBAF@SiO, | 87% conversion

A=nothing no conversion

/©/CHO
in THF +
->NC A

Scheme 223. Two-steps milling and cannula experiments.

To further explore the possibility of a volatile active species, another experiment was designed.
A 250 mL round-bottom flask containing TBAF@SiO, was sealed with 3 ZrO. balls to
replicate ball milling conditions under stirring. It was connected to another sealed flask through
a cannula immersed into a solution of 4-formylnitrile in THF (Scheme 223). Upon injecting
PMHS in the first flask, we observed bubbling in the solution of the second flask and
interpreted this as formation of HsSiMe. The set-up was left for 2 h under vigorous stirring for
both flasks, resulting in no conversion of the aldehyde. In a second experiment, TBAF@SiO>
was added also to the second flask. This time, after 2 hours, 87% of the alcohol product was
measured. This result is consistent with the reaction of gaseous HzSiMe formed in flask 1, with
the fluoride source in flask 2 to afford [H3SiFMe]  in situ and reduce the carbonyl.

When only one equivalent of PMHS per equivalent of starting material was introduced, only
4% of the starting material was converted to the product. However, considering the set-up used,
one cannot exclude the instability of the active gas travelling through the cannula, as well as

some of the gas being unable to travel to the second flask due to pressure equilibrium.

Influence of water. Finally, the role of water in the mechanism was explored. As pointed out
in Table 9, entries 1 and 5, the presence of water at 0.5 pL/mg substrate did not seem to affect
the reduction of 4-formylbenzonitrile. However, adding 0.5 pL/mg of water totally shut down

the reduction of 4-nitrobenzaldehyde. Therefore, the effect of H.O may differ from one
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substrate to another: we chose to explore greater amounts of water for 4-formylbenzonitrile
(Table 15), and lesser amounts of water for 4-nitrobenzaldehyde (Table 16).

1.7 PMHS, 25% TBAF@SiO,

N mill (15 min, 30 Hz)
/@Ao Teflon jar/zrO, ball /©/\OH
NC NC

200 mg total
Entry Modification Alcohol yield (%)
1 No H20 82
2 0.5 pL/mg H,0 82
3 1 pL/mg H20 76
4 2 uL/mg H20 51

Reaction conditions: Substrate, 1.7 PMHS, 25 mol% TBAF@SiO2, LAG solvent (0.5
pL/mg substrate). Ball milling (Teflon jar, 1 ZrO ball) 29.5 Hz, 200 mg total material
weight.

Table 15. Influence of water on 4-formylnitrile reduction.

As more water was introduced, the yield for 4-formylnitrile gradually decreased past 0.5
puL/mg. It started at 82% yield (Table 15, entries 1 and 2) and dropped to 76% vyield at 1 pL/mg
(Table 15, entry 3), then 51% vyield at 2 uL/mg (Table 15, entry 4).

1.7 PMHS, 25% TBAF@SiO,

“ mill (15 min, 30 Hz)
/@/\O Teflon jar/ZrO, ball /@/\OH
O,N O2N

200 mg total
Entry Modification Alcohol yield (%)
1 no H20 86
2 0.12 pL/mg H20 87
3 0.25 pL/mg H0 84
4 0.5 pL/mg H20 NR
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Reaction conditions: Substrate, 1.7 PMHS, 25 mol% TBAF@SiO2, LAG solvent (0.5
pL/mg substrate). Ball milling (Teflon jar, 1 ZrO ball) 29.5 Hz, 200 mg total material
weight.

Table 16. Influence of water on 4-nitrobenzaldehyde reduction.

Concerning 4-nitrobenzaldehyde, the yield decrease was sharper, with a drop from 84% vyield

to no reaction between 0.25 pL/mg and 0.5 uL/mg (Table 16, Entries 3 and 4).

For both substrates the yield decreased with the amount of water added but differently
depending on the substrate. We initially thought that water could quench the hypervalent
pentavalent active species, forming H gas and wasting the hydride. This is inconsistent though
with the observation that the reaction can tolerate small amounts water. As shown in the tables
above, the reaction proceeded with large amounts of water in the case of 4-formylbenzonitrile.
At 2 uL/mg of H2O (Table 15, entry 4), there is a 9-fold excess of H.O per mole of PMHS
(based on the hydride amount), yet the yield still reached 51%.

Another possible rationalization of the role of water (and other solvents in general) can be
weight of compounds (coined as the n parameter), the solubility of the precursors did not affect
significantly the co-crystallization rate. The LAG solvent’s major contribution to the reaction
pertains to molecular diffusion, or as stated by the author, constitutes an “environment in which
all participating substances are permanently saturated, therefore eliminating effects of their
relative solubilities”. At higher 1 values, where the mixture becomes slurry-like, the solubility
becomes preeminent again and significantly affects co-crystallization rate. Applying this
reasoning to organic reactions rather than co-crystallizations should be reasonable in that
respect. Here, the slightly higher solubility of 4-nitrobenzaldehyde in H>O (2.34 mg/mL at 25
°C) than that of 4-formylbenzonitrile (0.60 mg/mL at 25 °C) may account for this reasoning.

4.5 Conclusion

We have developed here a ball-milling approach for the selective reduction of a wide
range of carbonyl compounds in the absence of any metal catalyst and using an inexpensive
and easy-to-handle silane, PMHS. Ball-milling not only enabled a higher reaction rate than
solution-based reactions, with typical reaction times of 15 minutes, but it also allowed insoluble
substrates to be reduced. We also confirmed that the reaction mechanism proceeded through

the in situ formation of volatile silicon species, consistent with past accounts.
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4.6 Experimental

All chemicals and solvents were purchased from commercial sources and used without
purification unless noted. TBAF@SiO2 (1.5 mmol/g) was purchased from Sigma and was
freeze-dried before use and stored in a desiccator. Alternatively, it can be made from TBAF in
THF solution (the procedure is provided below). The molecular weight of PMHS was taken to
be 65 g/mol for calculations of stoichiometry. A Retsch MixerMill MM 400 was used to
perform milling experiments. NMR spectra were recorded on a Bruker AV500 spectrometer
operating at 500 MHz for *H acquisitions and on a Varian VNMRS operating at 400 MHz for
the solid state *C acquisition. Chemical shifts are reported in ppm with a solvent resonance as
an internal standard (*H NMR; chloroform as internal standards, indicating 7.26 ppm).
Mesitylene was used as an internal NMR standard. Yields were an average of a minimum of
two different experiments. XPS was performed on a VG ESCALAB 3 MKII spectrometer (VG,
Thermo Electron Corporation, UK) equipped with an Mg Ka source. Polyketone
copolymerization with carbon monoxide were carried out in a Parr Instruments 5000 Series
Multiple Reactor System. MALDI-TOF measurement was taken on a MALDI Autoflex I11-
TOF-(BRUKER).

Typical procedure. In a typical reaction, one zirconium oxide ball (10 mm, 3.24 g weight)
was added in a 10 mL Teflon milling jar. It was then filled with a total of 200 mg of solid
reagent material on one side, and liquids on the other. The jar was carefully closed, wrapped
with parafilm and loaded onto the Retsch MM-400 mixer mill. The reactions were conducted
over 15 minutes, milling at a frequency of 29.5 Hz. At the end of the reaction, the jar was
opened under a fumehood, 5 mL of EtOAc were added to the jar and was manually shaken
with the balls for 20 seconds to scrape off the solid content. This operation was done three
times to ensure a full product recovery. The three fractions were combined, sonicated for 10
seconds, filtered and then concentrated in vacuo. To remove the PMHS byproducts and the
activator, the mixture can be recrystallized or dissolved in an EtOAc/hexanes mixture and
filtered through a silica plug. The imines were prepared by milling the corresponding aldehydes

and amines in presence of Na2SO4 for 15 mins at 29.5 Hz.

Preparation of TBAF supported in silica. TBAF in THF solution (1.0 M, 10 mL, 10 mmol)
was added to silica powder (230-400 mesh, 6.67 g) in a round-bottom flask. The resulting

mixture was dispersed in acetone (20 mL), swirled and sonicated for 30 seconds before being
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concentrated under vacuo. The operation was repeated twice to ensure a good dispersion of the
TBAF. The sample was freeze-dried and stored under vacuum before use.

Closed flask experiment. A 250 mL round-bottom flask containing TBAF@SiO2 (300 mg,
0.45 mmol) was sealed with 3 ZrO; balls and a magnetic stir bar to replicate ball milling
conditions. It was connected through a cannula to another sealed flask containing 4-
formylnitrile (50 mg, 0.38 mmol) in THF (15 mL) (Figure 20). For the second experiment,
TBAF@SiO2 (300 mg, 0.45 mmol) was added as well in the second flask. The overall system
was flushed with argon for 10 minutes. Upon injecting PMHS (500 mg, 7.7 mmol, 20 equiv.)
in the first flask, a gas build-up was observed and the solution in the second flask started
bubbling immediately. The set-up was left for 24 h under vigorous stirring (1000 rpm). The

content of the second flask was then filtered and concentrated under vacuo before analysis.

Figure 20. Set-up for the volatile species experiment (after more than 4 h of reaction).

Polyketone. Polyketone was made through copolymerization of styrene and CO based on a
protocol of Guo et al.®* Pd(OAc). was used instead of Pd/C to allow an easier metal separation
from polyketone. Styrene (15 mL, 131 mmol), Pd(OAc). (12.8 mg, 57 pmol), 2,2’-bipyridine
(23.4 mg, 150 pmol), para-toluenesulfonic acid (28.5 mg, 150 umol), 1,4-quinone (218 mg, 2
mmol), MeOH (6 mL) were loaded in a Teflon liner inside a stainless steel autoclave reactor.

Carbon monoxide (40 bar) was flushed into the reactor, then it was heated for 2.5 hours at 70
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°C (Scheme 220). It was allowed to cool down, precipitated with an excess of cold methanol,

filtered and washed with cold hexanes.

Planetary mill experiment. In a typical reaction, five zirconium oxide balls (10 mm, 3.24 g
weight) were added in a Retsch 50 ml zirconia grinding jar. It was then loaded with para-
nitrobenzaldehyde (1.78 g, 11.8 mol) and TBAF@SiO> (1.95 g, 25 mol%). PMHS (1.30 g, 1.7
equiv.) was added just before sealing the jar with parafilm and loaded onto a Retsch S100
centrifugal ball mill. The reaction was conducted over 30 minutes, milling at 500 rotations per
minute. At the end of the reaction, the jar was opened under a fumehood, and the resulting
mixture was dispersed in EtOAc, filtered and concentrated under vacuo. A mixture of 1/1

water/ethanol was used to recrystallize the pure product.

4.7 Appendix
Detailed scope. For most of the substrates, both fluoride sources were tested. When they were

done, results with the addition of LAG solvent are displayed.

TBAF@SIO; KF/18-crown-6
Entry Substrate No LAG EtOAc Toluene LI\,LOG EtOAc Toluene
1 4-cyanobenzaldehyde 82 94 87 72 - -
4-
2 (Trifluoromethyl)benzalde 49 78 43 20 - -
hyde
3 3-bromobenzaldehyde 100 62 37 57 - -
4 2-chlorobenzaldehyde 56 25 35 5 - -
5 3-chlorobenzaldehyde 65 96 96 49 - -
6 4-chlorobenzaldehyde 71 - 73 68 - -
7 4-ethynylbenzaldehyde 85 73 85 80 - -
8 9-anthraldehyde 48 72_ (30 39_ (30 9 - -
mins) mins)
43 (65
9 Citral 27 32 for3*10 NR - -
mins)
11 4-nitrocinnamaldehyde 28 26 29 1 - -
12 4’-nitroacetophenone 64 (90 mins - - 61 - 86
13 4’-bromoacetophenone 73 56 82 11 - -
14 4’-iodoacetophenone 100 - - 100 - -
15 4’-methoxyacetophenone 23 47 34 4 15 10
16 4’-methylbenzophenone 16 Eﬁlgng; 30 45 34 12 - -
17 4-bromobenzophenone 10 - - 30 13 40
18 2-bromo-4'- 32 46 45 . - -

nitroacetophenone
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Reaction conditions: Substrate, 1.7 PMHS, 25 mol% TBAF@SiO- or 50 mol% KF/25 mol% 18-crown-
6 ether, LAG solvent (0.5 pL/mg substrate). Ball milling (Teflon jar, 1 ZrO; ball) 29.5 Hz, 15 min, 200

mg total material weight. Best results of the series are indicated in bold.

Table 17. Detailed scope and optimization.
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You contemplate the setting sun, unaware of your disorientation.
Dis-Orient: turned away from the east.
Williams, S.; Black, M.; More, J.; Mr. Nichols, Sound Mirrors, 2006, 5, 17:16-23:01.
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In the previous chapters, we have explored the reduction of carbonyls through various
alternative energy inputs to form various useful alcohol products. In this last part, the opposite
reaction will be tackled, using a (NiosCuos)Fe20O4 catalyst made by plasma induction. Seen
from this perspective, alcohol oxidation is a means to activate otherwise unreactive

electrophiles, that can be in situ coupled with amines.
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5 Plasma-made (NiosCuos)Fe204 nanoparticles for alcohol amination under
microwave

Alain Li and Nicolas Dumaresq, Andréanne Segalla, Nadi Braidy, Audrey Moores, ‘Plasma-

made (NiosCuos)Fe204 nanoparticles for alcohol amination under microwave, manuscript in

preparation.

5.1 Abstract

Amine N-alkylation is a crucial process in the production of a wide range of chemicals, from
bulk and fine chemicals and in particular pharmaceutical compounds. Using an alcohol as the
alkylating agent is particularly attractive as most classic alkylating agents feature serious
toxicity issues. Up to date, most catalysts are based on homogeneous, noble metal complexes
(Ru, Ir). Thus, more efforts should be driven towards recyclable base metal-based catalysts for
such industrially promising processes. Here we describe the synthesis of well defined
(Nio.sCuos)Fe204 magnetic nanoparticles by plasma induction, and their successful application
to alcohol amination. Plasma induction allows precise morphology and size control over
nanoparticle synthesis, while allowing the one-pot production of gram quantities of catalyst.
By coupling high-end characterization techniques with catalytic optimization, a deep
understanding of the role of Ni, Cu and Fe is deciphered for this process. A good scope of

amines and alcohols have been coupled in high turnovers.

5.2 Introduction

Amines are essential synthetic building blocks for the chemical industry and for numerous
biological processes.! Synthetic amines are widely employed in pesticides, pharmaceuticals,
dyes, detergents, polymers, lubricants and various other functional materials.? For their
synthesis, a wide variety of processes is available, such as using halides or tosylates as
alkylating agents through the Buchwald-Hartwig coupling.®* However, these coupling partners
are toxic, and generate stoichiometric amounts of salts as byproduct. Alternatively, alcohols
can be used as safer alkylating agents, generating only H2O as a byproduct (Scheme 224).5
They can be activated for C-N coupling via their in situ dehydrogenation towards the
corresponding carbonyl, which enables offsetting their lower electrophilic reactivity. They can
then condense with the amine, forming an imine and water as the sole byproduct. The
hydrogens “borrowed” from the alcohol can then be re-used to reduce the C=N bond, therefore

affording the amine. Overall, the process is redox-neutral, and is called ‘borrowing hydrogen’
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(BH). Since the early works of Watanabe® and Grigg’ with Ru and Ir complexes as catalysts,
and through the seminal works of Fujita® and Williams,® homogeneous BH has tremendously
evolved from expensive metals and ligands, to base metals.'%** Although most reports are still
based on Ru'? and Ir,*314 recent efforts have focused on base metals such as Fe,>*” Mn*® and

Co 19-20

H Alcohol amination via
borrowing hydrogen
)\N/H -one-pot and reductant-free
K [M] j R’ -H,0 as sole byproduct
H-[M]-H -redox neutral process
S

-safe coupling agents

Homogeneous catalysts
Ru, Ir, Fe, Co, Mn

Heterogeneous catalysts
Ru, Ag, Fe, Cu, Ni

-more active and selective + -harsher conditions

-non-recyclable -recyclable

-expensive ligands -non-scalable synthesis
f Our work . )

(Nig sCug 5)Fe;04
R”OH *+ R-NH; > R”ONHR'
TAA/iPrOH, 240 °C
1h, ;W

-robust catalyst synthesis through plasma induction
-magnetically retrievable noble metal-free catalyst

-high turnover cycle (19) at low lowading (2 mol%)

-both catalyst preparation and reaction work on >10 g scale

g J

Scheme 224. Overview of this chapter.
In an effort to enable the recycling and the separation of these expensive metal complexes,
there has been much development on heterogeneous catalysts.?* Ru NPs can be supported on
Fes04%2 and Ag NPs has shown a strong potential as well.?>?* From our perspective though,
abundant metals should be used to exploit the full potential of heterogeneous catalysis towards
eco-friendlier processes. FesOs NPs, %26 Cu NPs,?-?8 zeolites,?® and even metal-free graphene

oxide sheets® have been reported as catalysts for alcohol amination.

Notably, heterogeneous Ni has been widely explored since its first report in 1932 by Winans

et al, requiring though 100 bar H; at 200°C for the alkylation of cyclohexylamine with EtOH.3!
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Ni has also been shown to be competent for BH when supported on Al203,3* and can even
perform ammonia alkylation in flow synthesis.®*>¢ In most examples though, a base (KOH,
K2CO3) is required to promote the proton removal in the alcohol oxidation step. Yet, the
presence of a base is undesirable during the reaction as it may also favor side reactions typical
for alcohols and transient carbonyls (Cannizzaro condensation, alcohol dehydration, and aldol
condensation). In order to circumvent this issue, other authors have adopted bimetallic catalysts
(Au-Pd,3” Ag-Cu,® Pt-Sn,*® Cu-Al*). The most notable example is the Ni/Cu pair for alcohol
amination: Cu acts as a dehydrogenation catalyst for the starting alcohol, while Ni performs
the hydrogenation of the imine.** Cu and Ni stearates with various stabilizers such as Ba
stearate have been reported the production of long alkyl chains N,N-dimethylamines.*>*® The
Shi group reported a NiCuFeOx catalyst (3.6/1.1/1 weight ratio) through the calcination of
metal carbonates then reduction under a Hz flow.** Their alcohol amination scope was

extensive, with 113 examples (up to 98% vyield, Scheme 225).

NiCuFeO,
(38/10 mol% Ni/Cu) .
R—NH + R'-OH > R\N’R
2 Xylene, Ar H

150°C,24h 5 0 98% yield
(113 examples)

Scheme 225. Former example of Ni/Cu for alcohol amination.
In all these examples, NP synthesis required many time-consuming steps that added up to 12 h
in the most optimal cases. For instance, NP annealing is an energy- and time-consuming
treatment that is required to increase the crystallinity of the particles. Catalyst reduction using
H> gas is another common post-synthesis treatment, and both will result in NP sintering and
catalytic activity loss. Although sintering can be mitigated using capping agents, they would
cause an even greater waste generation, that is all the more undesirable on the big scale.*
Additionally, in past reports, extensive catalyst characterization was lacking, thus preventing a
clear understanding of the active phase, as well as the exact role of each metal. Thus,
developing waste-efficient synthesis of well-defined NPs on a big scale is imperative for far-
reaching catalytic applications. Furthermore, despite their attractiveness, heterogeneous base
metal catalysts (Cu, Ni, Mn, Fe) still require high loadings to offset their lower activity. For
instance, up to 38% Ni loading were required in Shi’s report. A careful nanostructure design
could minimize the metal amounts. To obtain crystalline and well-defined NPs, high
temperatures are required to decompose NP precursor and allow ordered growth. In liquid
phase though, ligand-free NP agglomeration is difficult to avoid, driving the search for solid-
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state*®*® or gas phase processes.*® Taking these considerations into account, we turned to
induction plasma as a technique for the synthesis of Ni/Cu-containing NPs. Temperatures as
high as ~6.000 K and ~10.000 K can be reached in plasma reaction chambers, allowing in situ
annealing and precise phase control.*®® Through a strict control of precursor residence time and
growth quenching, plasma induction allows the single-step production of monodisperse and
crystalline NPs at high quantities (up to 30 g/h).>! Radio-frequency (RF) plasma induction has
already been used for the synthesis of ferric oxide nanoparticles from their corresponding metal
nitrate salts, such as ZnFe>04°2 and NiFe204.%3>* To the best of our knowledge, no mixed ferrite
synthesis from a RF plasma reactor has been reported so far. Herein we report the first example
of nanocatalysts for alcohol amination, using (NiosCuos)Fe204 NPs made by plasma induction.
The catalyst was easily recyclable by magnetic separation and it was able to catalyze the
reaction at low metal loadings comparable to that of homogeneous catalysts (<2 mol% of

metal).

5.3 Results and discussion

5.3.1 NP synthesis by RF plasma induction

First, (NiosCuos)Fe20s NPs were synthesized in an induction thermal plasma reaction
chamber, following a procedure already reported previously by us (Braidy group) for the
synthesis of NiFeO, NPs**** and using a plasma setup described elsewhere (Figure 21).% The
synthesis consisted in the coaxial injection aqueous solution of metal precursors (Fe, Ni and
Cu nitrates in a 4/1/1 molar ratio) with a carrier gas (Ar) into an inductively coupled thermal
plasma torch. A sheath gas of Ar/O2 was used to control the trajectory of the NPs and provide
them with oxygen atoms. The tip of the atomization probe coincides with the center of an
induction thermal plasma torch connected to a 3 MHz RF power supply. As shown in Figure

21, the plasma torch connects into the top of a water-cooled cylindrical chamber (Main reactor).
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Figure 21. Schematic of inductively coupled radio-frequency plasma reaction chamber.
At its bottom, the main reactor is connected to another water-cooled cylindrical chamber
(Auxiliary chamber) which contains 4 microporous filters connected to a vacuum pump. Upon
evaporation of H2O as the carrier solvent of the precursors in the main chamber, homogeneous
nucleation of nanoparticles occurs by precursor supersaturation in the plasma phase. The main
reactor is designed to recirculate the NPs several times into the high temperature region (Figure
1, blue/green region). During this recirculation, the NPs undergo several melting, quenching
and annealing cycles, favoring crystalline particle growth. The entrance of the auxiliary
chamber is designed to generate a cyclone, through which only particles with a sufficient
hydrodynamic size can pass through and condense on the walls of the auxiliary chamber. With
this apparatus, we investigated the synthesis of mixed Ni/Cu ferrite nanoparticles, using a 4/1/1
molar ratio of Fe/Cu/Ni in the precursor solution. We collected separately the resulting NPs
from the main and the auxiliary chambers and called the resulting samples
(Nio5Cuo.5)Fe204MAN and (NiosCuos)Fe204"Y* respectively. (NiosCuos)Fe204"Y* constituted
about 33% wt of the total powder collected. They were subsequently tested for their catalytic

activity.

5.3.2 Characterization
TEM images of (Nio.5Cuos)Fe20s"AN NPs were taken (Figure 22a). Two populations of NPs

could be distinguished: small (<10 nm) crystalline aggregates (Figure 22b) as well as large
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crystalline hexagonal shaped NPs (<20 nm) (Figure 22c). Additional images are provided in
the appendix (Figure 28 to Figure 30). In contrast, only the bigger hexagonal NPs were
observed by TEM in (NiosCuos)Fe204AY* (Figure 22d). These well-facetted hexagonal NPs
observed in the TEM micrograph are the projection of a truncated octahedron exposing their
(111) facets (see Figure 27 in Appendix). This is consistent with the equilibrium Wulff shape
of crystals that predicts a truncated octahedron for a FCC structure such as the spinel. As for
the smaller NPs in (NiosCuos)Fe20sMAN it can be explained by the fluid dynamics inside of
the reactor. As explained before, the cyclone in the auxiliary chamber only lets through well-
defined NPs with a sufficient hydrodynamic size, that went through multiple recirculation
steps. Insufficiently grown NPs get stuck and quenched onto the main reactor walls creating
those small agglomerate as seen in Figure 22 (a and b). The larger, full grown particles were
found both in the main chamber where they are formed and in the auxiliary chamber, where

they are transferred.

= Y ™ - &
Figure 22. (a) TEM picture of (Nio.sCuo.5)Fe20sM*™ (White dashed circle indicates the EDS
study zone), (b) Closer view of the small crystalline NPs in (Nio.sCuos)Fe2OsMAN (¢) Well-
defined truncated octahedron NPs in (NigsCuos)Fe2OMAN (d) TEM picture of

(Nio.sCuo.5)Fe 042X,
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Figure 23. EDS spectrum of (Nig.sCuo s)Fe,O4MAN (circle indicated in Figure 22).
The samples were then analyzed by X-ray Fluorescence (XRF) to confirm their bulk
composition (Table 18 and Chart 12). The metal ratios observed were close to the expected
values, 4/1/1, similarly to our previous studies on the RF plasma synthesis of NiFe20a,.%* In
(Nio5Cuo.5)Fe,04MAN a slightly higher amount of Cu (18.5%) compared to the expected value
(16.7%) was observed, whereas a smaller amount of Cu was observed in (NiosCuos)Fe,04"Y%
(15.1%). The Ni amounts were consistently close to the expected value (16.7%): 16.1% and
16.2% for (Nio.5Cuos)Fe204MA™N and (Nio.sCuos)Fe204""* respectively. Finally, the trend for
Fe amounts was the opposite to that of the Cu amounts: 65.4% and 68.8% for
(NiosCuos)Fe20:MAN and  (NiosCuos)Fe204"Y%  respectively (66.7% expected). These
discrepancies from the expected values could be explained by the vapor pressure of Cu (2540
K at 20 KPa, a pressure close to the one in the plasma reactor) that is lower than Fe and Ni
(2720 K and 2860 K at 20 KPa), causing Cu to stay longer into gas phase and get ejected from
the recirculation flow. They get quenched onto the main reactor walls more favorably than Fe

and Ni, precipitating out as an oxide.

Sample Cu Ni Fe
(Nio.5Cuos)Fe20,MANN 1 18.5% | 16.1% | 65.4%
(NiosCuos)Fe2042 | 15.1% | 16.2% | 68.8%

Expected amounts | 16.7% | 16.7% | 66.7%
Table 18. XRF bulk analysis of (NiosCuo.s)Fe204 NPs: molar ratios of Ni, Cu and Fe.
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Chart 12. XRF bulk analysis of (Nio.sCuo.s)Fe204 NPs: molar ratios of Ni, Cu and Fe.
XPS analysis of the samples was performed, to shed light into the surface composition of the
samples (Table 19 and Chart 13). The Cu amounts were consistently higher than the expected
amounts (16.7%): 42.2% and 24.8% for (Nios5Cuos)Fe20sMAN and (NiosCuos)Fe,04"Y%
respectively, with a sharp decrease of the Ni amounts: 6.2% and 7.9% for (Nio.sCuos)Fe204MAN
and (NiosCuos)Fe2042Y% respectively. 51.6% of Fe was found at the surface of
(Nio5Cuos)Fe204MAIN whereas a value closer to the expected amounts was found for
(Nio.5Cuos)Fe2042Y% (67.2% versus 66.7% in theory).

Sample Cu Ni Fe
(NiosCUos)Fe20,MAN 4229 6.2% 51.6%
(NiosCUos)Fe204A%%  24.8% 7.9% 67.2%
Expected amounts  16.7% 16.7% 66.7%
Table 19. XPS analysis of (Nio.sCuos)Fe204 NPs: molar ratios of Ni, Cu and Fe.
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Chart 13. XPS analysis of (NiosCuos)Fe2O4 NPs: molar ratios of Ni, Cu and Fe.
The difference between the metal amounts detected by XRF and XPS indicates that, regardless

of the samples, Cu species were predominant on the surface whereas Ni species were prevalent
inside the NPs.

Deconvolution of the Cu2psz. region showed the coexistence of two Cu species on
(Nio.5Cuos)Fe20.MAN (Table 20 and Figure 24). The first peak at 931.6 eV can be attributed to
CuFe204.° It was the only phase detected on (NiosCuos)Fe.042Y% and was found present at
57% in (Nio.sCuos)Fe204MAN, The second peak found in (Nio.sCuos)Fe,04MAN at 933.6 eV was
attributed to CuO (43%).°’
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Figure 24. XPS of (Nio5Cuos)Fe2042YX and (NiosCuos)Fe204MAN — Cu 2pss2 region

Sample CuFe204 (931.6 eV) CuO (933.6 eV)
(Nio5Cuo.5)Fe04AY% 100% 0%
(Nio.sCuos)Fe20,MAN 57% 43%

Table 20. XPS of (NiosCuos)Fe2042Y% and (NiosCuos)Fe204MAN — Cu 2ps/2 region

The Ni 2ps region gave a single peak associated with the presence of NiFe.Os (854.5 eV),
consistently over both (NiosCuos)Fe2042Y* and (NiosCuos)Fe204MAN (Figure 25).%8
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Figure 25. XPS of (NiosCuos)Fe204"Y* and (NiosCuos)Fe204MAN — Ni 2ps/2 region

The crystallinity of (NiosCuos)Fe204MAN and (NiosCuos)Fe204AY* has been studied with
powder X-ray diffraction (Chart 14). A Rietveld refinement has been performed to determine
the relative concentration of each crystalline phase as well as their unit cell parameter (shown
in Table 33 in the appendix). Since both CuFe2O4and NiFe204 follow an inverse spinel pattern,
we considered from the peak fit that every tetrahedral site was occupied with Fe, and that every
octahedral site was occupied with Fe, Cu and Ni.>*®® The Ry and Rexp values for both
(Nio5Cuos)Fe204MAN (2.09 and 1.64 respectively) and (NiosCuos)Fe.04AY* (2.58 and 1.65
respectively), as well as the difference plot between our experimental XRD pattern (Chart 14)
and our calculated pattern indicate the presence of only one crystalline (NixCuy)Fez x-yO4 spinel
phase. Since the CuO observed by XPS was not detected by XRD, we can either conclude that

the CuO NPs are amorphous or too small to be detected.
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No improvement in the goodness of fit (GOF) was observed when the atomic occupancy of the
octahedral sites of the spinel was changed. That can be explained by the X-ray scattering
strength of these elements being too close to each other for the method used to make a
difference. Since there was no significant change in the refinement when the atomic
distribution was changed, the fitting pattern was fixed to be (NiosCuos)Fe204AY%. A significant
improvement of the fit has been observed when oxygen displacement was allowed, which is

characterized by the u parameter in Chart 14.
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Chart 14. XRD of (a) (NiosCuos)Fe204MAN (b) (NiosCuos)Fe.04AY%. Experimental pattern
(black line), calculated pattern by Rietveld refinement (red line) and the difference plot
(purple line). The stick pattern represents the reference pattern used for the Rietveld
calculated pattern.

5.4 Catalytic results
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We first tested (NiosCuos)Fe20sMAN for the base-free condensation of aniline with benzyl
alcohol. In order to ensure a higher reaction reproducibility and pressure control, we opted for
microwave heating (Table 21). Thus, we chose tert-amyl alcohol (TAA) as a solvent due to its
compatibility with microwave heating and its inability to get dehydrogenated by our catalyst
due to its absence of protons in its o position. Under the conditions described below, reaction
pressure reached up to 26 bar. A typical temperature and pressure profile is provided in the
appendix (Chart 18 and Chart 19). Using one equivalent of benzyl alcohol with the aniline and
10 mol% of the catalyst, we initially obtained 15% of the desired amine along with 64% of the
imine after 45 minutes of microwave heating at 240 °C (Table 21, entry 1). We reasoned that
addition of an excess of reducer, which in this case is the substrate benzyl alcohol, could push
the desired hydrogenation of imine. This indeed increased the yield to 51 and 56%, for
respectively 1.5 and 2 equivalents of alcohol (Table 21, entries 2 and 3). Thus, we kept the
alcohol excess to 1.5 for the rest of Table 21 experiments. Diminishing the catalyst amount
from 50 mg to 40 mg decreased the yield from 51% amine and 36% imine to 29% amine and
60% imine (Table 21, entry 4), but increasing the catalyst amount to 60 mg decreased the yield
as well to 27% amine and 50% imine (Table 21, entry 5). The imine product formation was
above 26% in entries 1-5, hinting at the difficulty of the catalyst to perform C=N reduction. As
we did not want to push beyond adding 1.5 excess of benzyl alcohol, we turned to adding 10
vol% of iPrOH, a classic sacrificial hydrogen donor, to our solvent system, increasing the yield
to 78% (Table 21, entry 6).

(Nig 5Cug 5)Fe,0,MAN
©/NH2 ©/\OH (10 mol% Ni and Cu)
+
N

TAA, 240°C
1.5 equiv. 45 mins, xW
o Yield (%)
Entry Modification i :
Imine Amine
1 1 64 15
Benzyl alcohol
2 1.5 36 51
excess
3 2 26 56
4 _ 40 mg® 60 29
Catalyst quantity
5 60 mg°© 50 27
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6 iPrOH additive (10 vol%) 2 78
aStandard reaction conditions: aniline (1 mmol), benzyl alcohol (1.5 mmol),
(Nio.5Cuos)Fe204MAN (50 mg, 10 mol% of Ni and 10 mol% Cu), tert-amyl alcohol (2 mL),
Ar, microwave, 240 °C, 45 min. ® 8 mol% of Ni and Cu ¢ 12 mol% of Ni and Cu

Table 21. Reaction of aniline with benzyl alcohol in the presence of (NiosCuos)Fe20sMAN

under various conditions?

Since the addition of 10 vol% iPrOH proved fruitful to assist C=N reduction, we could lower
the excess of benzyl alcohol to 1.2 equivalents and pushed the yield to above 70% while
minimizing the imine amount to <2% (Table 22). Such an alcohol excess is commonly
encountered for catalytic systems in this field, even in homogeneous catalysis.5%? With this
system we studied the reaction kinetics to better understand the catalytic system and optimize
the reaction time, which was fixed to 45 min in all runs described so far. As the reaction
proceeds, benzyl alcohol is first consumed rapidly, and is almost completely gone after 30
minutes of reaction (Table 22, entry 4). As could be expected, the imine rapidly builds up as
the alcohol gets dehydrogenated and reaches a maximum at 10 min, before slowly dropping,
as the amine is steadily produced. Past 55 min of reaction, a plateau of 72-77% yield was
reached for the amine with virtually no imine left (<2%) (Table 22, entries 5-8). Between 75
and 90 min, the amine gets re-oxidized back into the imine (41 and 32% respectively) (Table

22, entry 9). With these results in hand, we settled at 1 h for the optimum reaction time.

(Nig 5CUg 5)Fe,0,MAN
NH, ©ﬂOH (10 mol% Ni and Cu)
* > = +
©/ TAA/PIOH (9/1) HN
12 equiv.  240°C, time, uW @ @
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100 - —e— Benzyl
—&— Convert

90 —8— Imine
—&— Amine

80 -
70 A
60 1
501
40 -
301
20 1
10+

Yield (%)

0O 10 20 30 40 50 60 70 80 90
Reaction time (min)

Standard reaction conditions: aniline (1 mmol), benzyl alcohol (1.2 mmol),
(Nio5Cugs)Fe,0MAN (50 mg, 10 mol% of Ni and 10 mol% Cu), tert-amyl

alcohol/isopropanol (1.8 mL and 0.2 mL), Ar, microwave, 240 °C.

Table 22. Time optimization of the model reaction using iPrOH as an additive®

5.4.1 Mechanistic studies

We tested different ferrite-based catalysts using our plasma induction method, to probe the role
of each metal. Using metal ferrites from the main reactor composed of only one of the two
catalytic metals tested, namely CuFe,04MAN or NiFe,04sMAN drastically decreased the yield to
5% and 1% in amine respectively, with an imine yield of 10% and 4% respectively (Table 23,
entries 2 and 3). Mixing in the same batch independently prepared CuFe,OsMAN and
NiFe,04MANNPs yielded 37% of amine and 36% of imine, confirming that both Cu and Ni are
required for the reaction (Table 23, entry 4). Importantly having Cu and Ni within the same
particle seems to help with imine reduction to amine, as the comparable run with
(Nio.5Cuos)Fe20sMAN provided 74% in amine and 1% in imine (Table 23, entry 1). Using
FesOsMAN NPs gave no product (Table 23, entry 5). Also, up to now we had focused on
studying (NiosCuos)Fe204MAN  from the main reactor. We thus wanted to test
(NiosCuo.5)Fe2042Y% collected on the filter of the auxiliary reactors, giving a lower yield as
well (8% amine yield with 18% imine, entry 6). Finally, using either CuFe,04AY% or

NiFe,04AYX from the filter gave similar trends than with CuFe20,MA™ and NiFe,04MA™N (8 and
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1% vyield with 6 % and 2% imine, entries 7 and 8). It is worth noting that in almost every case
involving only Ni or Cu (Table 23, entries 2, 3, 7 and 8), the mass balance for N-containing
products dropped below 75%, whereas it remained higher than 90% when both metals were
present (Table 23, entries 1, 4 and 6).

catalyst
NH, ©/\QH (20 mol% of M)
+
TaaiproH oy N
1.2 equiv. 240°C, 1 h, pW @ @

Yield (%)
Entry Modification Conversion i i
Imine  Amine
1 (Nio5Cuo5)Fe,0,MAN 77 1 74
2b CuFe,O4MAN 33 10 5
3¢ CatalvstMAN NiFe,Q,MAIN 30 4 1
atalys
. CuFe,0sMAN and
4 NiFe,0.MAN 79 36 37
5 Fe;OQ,MAIN 22 3 0
B¢ (NiosCuo5)Fes04AY% 34 18 8
7° CatalystAY% CuFe 04~ 52 6 8
8¢ NiFe,0,AYX 40 2 1

aStandard reaction conditions: aniline (1 mmol), benzyl alcohol (1.2 mmol), catalyst (50
mg), tert-amyl alcohol/isopropanol (1.8/0.2 mL), Ar, microwave, 240 °C, 1 h
b20 mol% Cu
€20 mol% Ni
910 mol% Ni and 10 mol% Cu

Table 23. Control experiments?

Finally, we looked at the role of each metal in the mechanistic pathway. To better probe the
alcohol dehydrogenation step, we heated benzyl alcohol alone under microwave conditions in
the presence of various catalysts under inert conditions (240 °C, 1 h). With
(Nio5Cuos)Fe204MAIN  97% of the benzyl alcohol got consumed into various oxidations
products: benzaldehyde, benzoic acid, and benzyl benzoate (Table 24, entry 1). Under inert
atmosphere, the presence of benzaldehyde can only be explained through a dehydrogenation
pathway. Subsequently, benzaldehyde can undergo Cannizzaro dismutation at elevated
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temperature to form benzoic acid.®® Finally, the last product can condense with benzyl alcohol
to form benzyl benzoate. Upon using CuFe204MAN a similar conversion of 84% was observed

(Table 24, entry 2). However, NiFe,O4MAN alone gave a 25% conversion (Table 24, entry 3).

MF6204MAIN

(0]
@/\OH (20 mol% of M) . @O
t-amyl alcohol, 240°C

30 mins, uW
Entry Catalyst Conversion (%)
1 (Nio.5Cuos)Fe204MAN 97
2P CuFe,OMAN 84
3 NiFe,O4MAIN 25

aStandard reaction conditions: benzyl alcohol (1 mmol), (NiosCuos)Fe20sMAN (50 mg, 10
mol% of Ni and 10 mol% Cu), t-amyl alcohol (2 mL), Ar, microwave, 240 °C, 30 min.
b20 mol% Cu
€20 mol% Ni
Table 24. Mechanistic investigation on (NiosCuo.s)Fe.04MAN-catalyzed alcohol oxidation?

We then investigated the last step of the mechanism, imine reduction. We first made an imine
model substrate by ball-milling the corresponding aldehyde and amine in presence of a drying
agent (Na2S0a) for 15 minutes. Then, we then subjected the imine to hydrogenation conditions
(150 °C, 20 bar Hy) in presence of MFe;OsMAN (M = Cu, Ni, NiosCuos) for 24 h. With
(NiosCuo.s5)Fe,0,MAN 30% of the imine was reduced into the corresponding amine (Table
25Erreur ! Source du renvoi introuvable., entry 1). In contrast, switching to CuFe,O4MAN
or NiFe20,MAN gave lower to no yield (0 and 5% respectively, Table 25Erreur ! Source du
renvoi introuvable., entries 2 and 3). Such contrast in the catalytic results show that a Ni-Cu

synergy is required for the hydrogenation of C=N bonds.

MFe,0,MAN (40 mol% of M)

@N 20 bar H, /@/\NH

|
Ph ° Ph
O,N Xylenes, 150°C, 24 h O,N

Entry Catalyst Conversion (%)
1 (NiosCUos)FeoOgMAN 30
2b CuFe,O4MAN 0
3¢ NiFe,O4MAIN 5
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2Standard reaction conditions: imine (0.5 mmol), (Nio.sCuos)Fe20sMAN (50 mg, 20 mol%

of Ni and 20 mol% Cu), Xylenes (15 mL), Hz (20 bar), 150 °C, 24 h. [b] 40 mol% Cu [c]
40 mol% Ni.

Table 25. Mechanistic investigation on (NiosCuo.s)Fe.04MAN-catalyzed imine reduction®

Overall, our best catalyst is (NiosCuos)Fe204MAN (1% imine, 74% amine). Switching to
catalyst to separate CuFe,04MAN and NiFe,04MAN NPs led to a decrease of the amine yield but
did not affect overall conversion (36% imine, 37% amine). However, using
(Nio.5Cuos)Fe2042Y% gave a drastic conversion drop (18% imine, 8% amine). Along with the
XPS results mentioned earlier and the results from Table 24, we can conclude that the presence
of the amorphous CuO found in both (NiosCuos)Fe204MAN and CuFe,0,MAN/NiFe,0,MAN,
and absent in (NiosCuos)Fe.042X is correlated with high conversions due their capacity to
oxidize the alcohol. The second step of the mechanism consists in the condensation of the
resulting carbonyl with the amine to form an imine after the loss of a water molecule. Although
the elevated temperature in our reaction favors H2O elimination, we cannot exclude Cu(ll)
acting as Lewis acid to help imine condensation.5* Due to CuFe;04"Y* and CuFe204sMAN being
both unable to perform the full process despite being able to oxidize alcohol, we can then
deduce that a Ni species (identified by XPS to be Ni integrated to the ferrite lattice) assists the
C=N reduction step. Furthermore, the presence of both Cu and Ni in the same lattice is required
to further push imine reduction to completion, probably facilitating hydrogen transfer between
the two metals. Overall, such role assignment for Cu and Ni in alcohol amination is consistent

with previous literature studies (Scheme 226).4
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Scheme 226. Proposed mechanistic pathway for (NiosCuos)Fe20sMAN-catalyzed alcohol
amination.

We then investigated the effect of microwave on the catalyst. All tests described until now
were performed in standard glass vials, which are transparent to microwaves. Heating occurs
then through the interaction of microwaves with matter inside the vials. Conversely, silicon
carbide (SiC) vials are able to fully absorb microwave irradiations themselves, so that they can
heat and shelter the material inside the vial from any radiation.%5-%¢ Using SiC vials, we could
then test our catalysis under the same conditions of temperature and pressure, while providing
purely thermal heating to the solution. Upon using a SiC vial, the yield in amine decreased
from 74% to 30% (Table 26, entries 1 and 2). We also wanted to compare with a pure thermal
setup, yet we had to slightly modify the conditions as we could not reproduce our optimal
setting thermally. Since the model reaction reached up to 26 bar under microwave at 240 °C,
we ran it at lower temperature (130°C, 48h) to run it at oil bath conditions (Table 26, entries 3
and 4). Under these settings, a 11% yield was obtained under microwave heating whereas 5%
of yield was obtained when the reaction was conducted in the oil bath. This combination of
results clearly indicates that microwave conditions are highly beneficial in our
(NiosCuos)Fe,0,MAN-catalyzed reaction, with a 2/2.5-fold yield increase compared to
convective heating conditions. Such activity boost under microwave has been observed
previously on other magnetically retrievable catalysts, such as CrO; for arene oxidation.5”-¢8
This could be attributed to local superheating phenomenon around the catalyst,®® consistently

with previous studies on the behavior of NiFe,O4 under microwave.’
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Sallea
+

(Nig 5Cug 5)Fe04MAN

(10 mol% Ni and Cu)

TAA/PrOH (9/1)
240 °C, 1 h, ,uW

'

b
s

1.2 equiv. @
Entry Setup Yield (%)
Imine Yield
1 Glass vial 1 74
2 SiC vial 4 30
3 Glass vial® 2 11
4 Glass vial, oil bath® 1 5

aStandard reaction conditions: aniline (1 mmol), benzyl alcohol (1.2 mmol),

(Nio.5Cuos)Fe20sMAN (50 mg), tert-amyl alcohol/isopropanol (1.8/0.2 mL), Ar, microwave,

240 °C, 1 h.

bSame conditions at 130°C, 48h.

Table 26. Microwave control experiments on (NiosCuos)Fe204MAN for alcohol amination?

5.4.2 Substrate scope

In order to understand the scope of the developed process, we tested the catalyst over a range

of aniline derivatives (Table 27). 4-methylaniline and 4-nitroaniline reacted in high yields with

benzyl alcohol and gave respectively 71% and 67% yield (Table 27, entries 1 and 2). In the

case of benzamide only 15% vyield was attained in the standard conditions, whereas 65% yield

was afforded when isopropanol was removed (Table 27, entry 3). iPrOH, besides providing

additional hydrogens to reduce the imine, is also a competitor for the alcohol dehydrogenation

step. Thus, in this entry imine reduction occurs probably faster than in the model reaction,

making the use of iPrOH detrimental to the reaction rate. However, 4-chloroaniline and

benzenesulfonamide gave only 21% and 27% yield (Table 27, entries 4 and 5).

(Nig 5Cug 5)Fe,0,MAN

oH (10 mol% Niand Cu) R.

RR-NH, 4+ ©/\ ) Ry
TAA/IPrOH (9/1) R'
1.2 equiv. 240 °C, 1 h, uW
Entry RR’NH: Product Yield (%)
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NH, N~ Ph
H

2 OQN\Q O,N 67
NH, H/\Ph
3 0 0 15(65°)
©)J\NH2 H/\Ph
NH, ”/\Ph
5 27
L £
g “NH, d \”/\ph

8Standard reaction conditions: aniline (1 mmol), benzyl alcohol (1.2 mmol),
(Nio.5Cuos)Fe20sMAN (50 mg, 10 mol% Cu and 10 mol% Ni), tert-amy! alcohol/isopropanol
(1.8/0.2 mL), Ar, microwave, 240 °C, 1 h.

Pno isopropanol was used.

Table 27. Reaction of (NiosCuo.s)Fe.0sMAN-catalyzed benzyl alcohol condensation with a

range of aniline derivatives[®

Despite their high nucleophilicity, 1-hexylamine and piperidine gave no product, with a 0%
starting amine recovery (Scheme 227). As for the sterically hindered diphenylamine, we have

fully recovered the starting material with no conversion (Scheme 227).

s Ol L

Scheme 227. Unsuccessful substrates.

We then turned to aliphatic short chain alcohols, used as both solvents and alkylating agents
(Table 28). MeOH and EtOH remained inactive in our conditions (Table 28, entries 1 and 2).
As for n-propanol, a 30/52 mixture of the mono- and di-alkylated amine was observed (Table

28, entry 3). Finally, for longer chains n-butanol and n-hexanol, 80 and 89% respectively of
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dialkylated product was observed, stemming from a higher stability of the aldehyde

intermediates (Table 28, entries 4 and 5).

(Nig 5Cug 5)Fe,04MAN R

NH, (10 mol% Ni and Cu) ¥ !

> R + R
R-OH solvent, 200°C
2h, uW
Entry Alcohol Yield (%)

Mono-alkyl Bi-alkyl

1 MeOH® 0 0

2 EtOH® 0 0

3 n-propanol 30 52

4 n-butanol 16 80

5 n-hexanol 11 89

aStandard reaction conditions: aniline (1 mmol), alcohol (2 mL), (NiosCuos)Fe,04MAN (50
mg, 10 mol% of Ni and 10 mol% Cu), Ar, microwave, 200°C, 2h. ® reactions were conducted
at 165°C due to pressure constraints.

Table 28. Reaction of aniline with a range of aliphatic alcohols in the presence of
(NiO.SCU0.5)Fe204MAINa

Empowered with a dialkylating catalyst, we decided to test a cyclizing reaction. Using 1,5-
pentanediol as an electrophile, we successfully made in one-pot 1-phenylpiperidine through a

double alkylation process (Scheme 228).

NH, (Nig 5Cug 5)Fe,04MAN
©/ . ﬂ (10 mol% Ni and Cu) N
HO ©/

OH >

4 equiv. TAA, 240°C, 3h, uW, Ar

69% yield
Scheme 228. Cyclization of 1,5-pentanediol with aniline catalyzed by (NiosCuos)Fe,0sMAN,

We also tested (NiosCuos)Fe204MAN for the dehydrogenation of 1,2,3,4-tetrahydroquinoline
under argon, as a test for the reverse of imine hydrogenation (Scheme 5). After 90 mins at
230°C, we observed the formation of 63% quinoline product. This indicates the ability of our

catalyst to de-hydrogenate reactive C-N bonds, as well as C-C bonds in benzylic positions.
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Furthermore, this explains the yield decrease under prolonged conditions in our C-N coupling

examples (see Table 5, entry 7).

Nio_sCUO.5F9204

(10 mol% Ni and Cu) AN
> _) 63% yield
N N

TAA, 230°C, 90 min, xW, Ar

Scheme 5. Dehydrogenation of 1,2,3,4-tetrahydroquinoline.

5.4.3 Recyclability
Exploiting the magneticity of our ferrite-based catalyst, we could easily separate it from the
reaction mixture using an external super-magnet. Upon washing it with acetone and drying in
vacuum oven, we successfully re-used our catalyst 6 times with a 2-6% yield drop between
each cycle (Table 29).

(Nig 5Cug 5)Fe,0,MAN
NH, OH (10 mol% Ni and Cu)
+ = N 'Y HN
TAA/iPrOH (9/1)

1.2 equiv. 240°C, 1 h, uW
Cycle Imine (%) Yield (%)
! 1 74
2 2 68
3 5 64
! [ 62
° 8 58
6 10 55

aStandard reaction conditions: aniline (1 mmol), benzyl alcohol (1.2 mmol),
(Nio5Cuos)Fe204MAN (50 mg), tert-amyl alcohol/isopropanol (1.8/0.2 mL), Ar, microwave,
240 °C, 1 h.

Table 29. Recycling experiments for (NiosCuos)Fe204"AN-catalyzed condensation of aniline

with benzyl alcohol?

To test the applicability of (NiosCuos)Fe.04MAN, we scaled up the reaction to 8 mmol of

aniline, obtaining a 66% yield (Table 30, entry 1). In these experiments we used a drastically
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reduced catalyst loading (1.9 mol% of Ni and Cu) and no TAA.* Subsequently, we scaled the
model reaction further up to 32 mmol, with a similar yield of 62% (Table 30, entry 2).

(Nig 5Cuq 5)Fe,0,MAN
NH; on (1.9 mol% Niand Cu)
* > = +
©/ ©ﬁ iPrOH, 250°C N HN
8 mmol 1.2 equiv. 90 min, W @ @

Entry Modification Yield (%)
Imine Amine
1 - 9 66
2 32 mmol scale® 2 62

3Reaction conditions: aniline (8 mmol), benzyl alcohol (10 mmol), (NiosCuos)Fe20sMAN (75
mg, 1.9 mol% of Ni and Cu), iPrOH(0.8 mL) Ar, microwave, 250°C, 90 min.

bPrevious amounts scaled up to 32 mmol of aniline.

Table 30. Reaction of aniline with benzyl alcohol in the presence of (Nio.sCuos)Fe20sMAN on

the gram scale?

Based on both Cu and Ni amounts, our turnover number was 18 for Table 12, entry 1, and our
cumulated turnover number was 19 after the 6 recycling cycles in Table 11. This value
surpasses that of Shi’s NiCuFeOx system reported earlier (11 TON, at 5.8 mol% Ni and 1.7
mol% Cu loadings).* Furthermore, it is worth noting that our catalyst proved to be active at
low Cu/Ni loadings than theirs (1.9 mol% for each), comparable to that that of homogenous

catalysts and without an additional base.

5.4.4 Post-reaction analysis

TEM imaging of the catalyst after reaction after 18 turnover cycles showed the disappearance
of the smaller CuO NPs, and an edge smoothening for the bigger ones (Figure 26). Additional
images are provided in the appendix (Figure 31 to Figure 33). This indicates either a leaching
of the CuO NPs, and/or their aggregation to the bigger ones, following an Ostwald ripening

model.
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8.tif —
Print Mag: 135000x @ 51 mm 20 nm
HV=200.0kV

)

Figure 26. TEM picture of NiosCuosFe204MAN catalyst after reaction.

We performed XPS on the catalyst after reaction after reaction as well, to see the changes that
occurred at the NP surface. While the Cu surface coverage decreased from 42.2% to 11.8%,
the Ni coverage increased from 6.2% to 10.5% (Table 31 and Chart 15). Deconvolution of the
Cu 2pzp region showed a decrease of the CuO peak (from 43% to 33%) (Table 32 and Chart
16), while the Ni 2pz/ region did not show any major change (Chart 17). Coupled with our
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TEM observations, we believe that a gradual leaching of the CuO NPs occured during the

reaction, that is responsible for the activity drop throughout the re-use cycles.

Sample Cu Ni Fe
Nio.sCuo.sFe,04MAN 42.2% | 6.2% | 51.6%
NiosCuosFe.04MAN (After reaction) | 11,8% | 10,5% | 77,7%
Table 31. XPS analysis of (NiosCuos)Fe204MAN NPs before and after reaction: molar ratios
of Ni, Cu and Fe.

HFe WCu ENi

100% .

90%
80%

70%
60%
50%
40%
30%
20%
10%

0%
MAIN After reaction

Chart 15. XPS analysis of (NiosCuo.s)Fe204MA™N NPs before and after reaction: molar ratios
of Ni, Cu and Fe.

Sample CuFe204 (931.6 V) CuO (933.6 eV)
NiosCuosFe,04MAN 57% 43%
NiosCUosFe204MAN (After reaction) 67% 33%

Table 32. XPS of NiosCuosFe.04MAN before and after reaction — Cu 2pss2 region
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i Cu0

Intensity

Nig sCup sFe, 0 MAIN
After reaction

525 527 525 531 933 535 937 535

Binding energy (eV)

Chart 16. XPS of NiosCuosFe20sMAN before and after reaction — Cu 2pss, region

NiFe,0, i

Intensity

After reaction

247 249 851 853 a55 &7 259

Binding energy (eV)

Chart 17. XPS of NiosCuosFe20sMAN before and after reaction — Ni 2pa2 region
5.5 Conclusion
A magnetically recyclable, heterogeneous and noble metal-free (NiosCuos)Fe204MAN catalyst
was prepared by RF plasma induction. This technique allowed us to produce well-defined
nanoparticles at a large scale (c.a. 15 g per synthesis batch), that were successfully
characterized by TEM, XPS, XRF and XRD. We also showed their catalytic potency for the
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base-free amination of alcohols. In our case, microwave heating allowed up to a 2.5-fold yield
increase compared to oil bath heating, as well as a precise temperature/pressure control. The
catalyst was shown to be highly active and recyclable up to 6 times. The reaction was easily
transposed to the 10 gram-scale, at loadings comparable to that of homogeneous catalyst (up
to 2 mol%). Our best turnover (19) surpasses that of heterogeneous Ni/Cu catalysts reported
previously. Overall, we showed that plasma induction is a potent tool for nanopowder

synthesis, with superior catalytic performances in industrially relevant reactions.

5.6 Experimental

The catalyst characterization was conducted using transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and X-
ray fluorescence (XRF). The transmission electron microscopy (TEM) samples were deposited
on 400 mesh carbon-coated (Lacey) copper grids supplied by Electron Microscopy Sciences.
The TEM analyses were performed on the Philips CM200 200 kV TEM, equipped witha AMT
XR40B CCD Camera and EDAX Genesis EDS Analysis System. XPS was performed ona VG
ESCALAB 3 MKII spectrometer (VG, Thermo Electron Corporation, UK) equipped with an
Mg Ka source. All reactants were purchased from Sigma Aldrich and used as received. When
relevant, anilines were purified from their oxidation contamination product by vacuum
distillation. Unless noted, all catalytic tests were conducted in a Monowave 400 microwave
reactor (Anton-Paar), with the glassware (glass or silicon carbide vials) supplied by the vendor.
The plasma synthesis was conducted using a PL50 model (Tekna Plasma System Inc., 36 kW),
connected to RF power supply (3 MHz, Lepel).

General procedure for catalyst preparation.

The synthesis consisted in the coaxial injection aqueous solution (0.65 mol/L) of
Fe(NO3)3-9H20, Cu(NO3)2-3H20 and Ni(NO3)2-6H20 in a 4/1/1 molar ratio with a carrier gas
into an inductively coupled thermal plasma torch. Prior injection, reactor pressure was set to
180 torr. The precursor solution was pumped into a water-cooled gas atomization probe using
a peristaltic pump at 5 ml/min. Gas were injected at a controlled rate of 62 slpm of O, and 5.5
slpm for Ar for the sheath gas, and 62 slpm of Ar for the carrier gas. As NPs accumulated on
the filters, the pressure reached up to 330 torr inside the reactor. After 3 hours of reaction, the

powder was collected separately in the main chamber and the filter chambers.

General procedure for alcohol amination.
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In a typical experiment, the amine (1 mmol), alcohol (1.2 mmol), (NiosCuos)Fe204MANN (50
mg, 10 mol% Cu and 10 mol% Ni) and the solvent (tert-amyl alcohol (1.8mL) and isopropanol
(0.2 mL)) were added to a 5 mL microwave vial equipped with a magnetic stirrer. The vial was
purged with Ar, sealed with a cap and reacted under microwave at 240 °C for 60 min, then
cooled to RT. Acetone (5 mL) was added to disperse the reaction mixture, which was separated
from the catalyst using a strong external magnet. The operation was repeated 3 times, then the
mixture was filtered through a pad of Celite. The crude reaction mixture was concentrated in
vacuo, and analyzed by NMR, using diphenylmethane as an internal standard.

5.7 Appendix
Truncated octahedron

Figure 27. Truncated octahedron facets. The hexagons observed by TEM are the projection of
a truncated octahedron exposing their (111) facets

Additional TEM images of the fresh catalyst.
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Figure 28. TEM picture of (NiosCuos)Fe,04MAN
:
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Figure 29. TEM picture of (Nio5Cuos)Fe,04MAN
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Figure 30. TEM picture of (Nio5Cuos)Fe,04MAN

Additional TEM images of the catalyst after 18 turnover cycles.
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Figure 31. TEM picture of (NiosCuos)Fe204MAN after reaction
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Figure 32. TEM picture of (NiosCuos)Fe204MAN after reaction
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Figure 33. TEM picture of (NiosCuos)Fe204MAN after reaction

XRD parameters.

Sample (NiosCuo.s)Fe204MAIN  (Nip5Cuo.5)Fe204AYX
Rup 2.09 2.58
Rexp 1.64 1.65
GOF 1.63 242

Phase (s) Nio5CuosFe204 NiosCuosFe204
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%Phase (at %) 100 100
Scale factor (x10™) 6.08 6.09
a0 (A) 8.3524(7) 8.3629(5)
U 0.0892(8) 0.0718(1)
W 0.0615(1) 0.0606(9)
u 0.2478(9) 0.2483(4)
Average Crystallite size (A) 388.9 392.0

Table 33. Crystallographic parameters calculated by Rietveld refinement for
(Nio.5Cuos)Fe20sMAN and (Nio.sCuo.s5)Fe204"Y%

Details on the kinetic profiles.

100 —e— Benzyl
—@— Convert
90_ —&— Imine
—€— Amine
80 1
70
°\° 60 1
-
K] 50 1
Q
- 40
301
20
10
O_
0 10 20 30 40 50 60 70 80 90
Reaction time (min)
) ) Yield (%)
Entry Reaction time i i
Imine Amine
1 5 28 9
2 15 30 29
3 30 14 59
4 45 12 59
5 55 2 72
6 60 1 74
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7 68 <1 74
8 75 <1 77
9 90 32 41

8Standard reaction conditions: aniline (1 mmol), benzyl alcohol (1.2 mmol),
(NiosCuos)Fe204MAN (50 mg, 10 mol% of Ni and 10 mol% Cu), tert-amyl
alcohol/isopropanol (1.8 mL and 0.2 mL), Ar, microwave, 240 °C.

Table 34. Time optimization of the model reaction using iPrOH as an additive?

Microwave heating. The temperature and pressure versus time profiles were taken for the
model reaction (Scheme 229). The reaction beginning time (at the 2:36 mark) is defined as
when the temperature of the mixture reaches 240 °C (Chart 18). Pressure reached 20.5 bar at
the beginning of the reaction, then increased over 1 h to 26 bar (Chart 19). The pressure build-

up over the reaction comes from the H>O generated by imine condensation (see Scheme 224).

N

TAA/iPrOH (9/1)
1.2 equiv. 240°C, 1 h, uW @

Scheme 229. Model reaction.

Nig 5CUq sFe,0,MAN
o B
> 2 + HN

300

250

C
N
o
s}

150

Temperature (°C)

50

0 10 20 30 40 50 60 70

Time (min)

Chart 18. Temperature versus time profile for the model reaction under microwave.
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Chart 19. Pressure versus time profile for the model reaction under microwave.
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6 Conclusion and future work
6.1 Conclusion

In this thesis we have tackled several aspects of green chemistry, centered around the
reduction of C=0 bonds and alcohol activation. Within the themes discussed in chapter 1, we
turned in particular to alternative energy inputs to make novel nanostructures or conduct
organic reactions that would be challenging to run otherwise. Indeed, only microwave heating
enabled to obtain small Ag NPs (2-3 nm) in the synthesis the Ag-Fes04s@CMC NPs (chapter
3), while for the (NiCu)Fe2O4-catalyzed alcohol amination (chapter 5) it allowed to surpass
previously reported turnover numbers. Bypassing solvent use through mechanochemistry
(chapter 4) enabled the reduction of water-soluble substrates (5-HMF) or insoluble products
(polyketone), facilitating their work-up. Finally, plasma induction allowed the production of
well-defined (NiosCuos)Fe204 NPs, on a scale (10g) that would be difficult to attain under

conventional methods.

We also paid careful attention to solvent choice by trying to use them in minute amounts
or stick to the ones recommended by Sneddon et al. in their 2016 update of the GSK solvent
selection guide (water, tert-amyl alcohol, iPrOH).! Solvent-free or neat conditions in
mechanochemistry enabled very short reaction times (<15 min, see chapter 4). Furthermore,
we have used an industrial waste, PMHS, as a reducing agent to reduce the environmental
impact of our process.

The catalytic aspect of chapter 3 and 5 revolved around the recyclability theme. Although
Ag is a critically endangered element, it exhibits amazing catalytic properties covered in
chapter 2, such as C=0 selectivity in hydrogenation. To address the former issue while keeping
the latter advantage, we have successfully designed in chapter 3 an Ag/Fe/cellulose composite
that was magnetic and inherently compatible with water. In chapter 5, we have built a Ni/Cu/Fe
trimetallic ensemble where each element had a distinct role: Fe ensures catalyst magneticity,

Cu performs alcohol oxidation and catalyzes imine reduction in synergy with Ni.

Thus, we have explored different methods to apply the fundamental principles of green
chemistry to fundamental chemical reactions. In particular here, we have adopted a combined
approach, to solve various chemical issues (substrate solubility, C=0 selectivity, precious

metal recycling) while striving for safety.

6.2 Future work
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In efforts to expand the concept of magnetically recoverable Ag catalysts prepared by
microwave irradiation in water (Chapter 3), other metals could be grafted on cellulose
derivatives. For instance, Cu?* salts mixed with either sodium-potassium tartrate (Fehling’s
reagent?®) or sodium citrate (Benedict’s reagent?) can react with reducing sugars as well to
make Cu20 NPs. Thus, we could extend our synthetic system to Cu, and test it for water-
compatible organic reactions such as oxidative cross-dehydrogenative coupling,® A® coupling®

or click condensation.’

Future studies on the mechanochemical reduction of carbonyls (Chapter 4) should focus on
removing solvents from the work-up as well, with solvent-free extraction methods such as
supercritical carbon dioxide (sCO,).8° For scaling-up purposes, several groups have reported
the use of single or twin-screw extrusion for the continuous synthesis of metal-organic
frameworks!-!! or active pharmaceutical ingredient co-crystals.'? Furthermore the presence of
metallic extrusion barrels allows heat control (up to 250 °C), opening prospects for a better

control overall on the reaction kinetics.

As for nanoparticle synthesis by plasma induction (Chapter 5), the synthesis could be extended
to other spinels such as chromite (MCr204) or aluminate (MAI204) NPs. For instance, CuAl204
has been shown to be able to oxidize benzyl alcohol.*** It has further been shown by Leckie
et al. to be less prone to Cu leaching (using HCI) than CuO and Cu20, which could help solve
activity drop issues encountered in our works.* Lastly, MeOH has proved to be an unreactive
alcohol in our substrate scope, while it is an attractive C1 source in amine N-methylation.®
CuCr204 has been shown by Crosswhite et al. to be able to oxidize MeOH under microwave

conditions, opening new prospects as well in this area.'’
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