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Algumas das nossas contribui¢des para o desenvolvimento da drea da catdlise em liquidos
i0nicos sdo descritas. Além disto, o uso de ligantes ionofilicos bem como a utilizagdo de
catalisadores com “etiquetas i0nicas” sdo apresentados e discutidos. Devido a importancia dos
liquidos i0nicos, as suas propriedades fisicoquimicas de interesse bem como a sua organizagao

supramolecular sdo temas discutidos.

Some of our contributions to the development of catalysis in ionic liquids are described. Also,
the use of ionophilic ligands and catalysts with ionic tags are presented and discussed. Due to the
importance of ionic liquids, some physicochemical properties of interest and their supramolecular

organization are described.
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1. Introduction

For many years, ionic liquids (ILs) were regarded as
promising solvents and materials for a wealth of possible
applications. Nowadays, however, ILs have superseded this
status and have become an amazing reality. Indeed, ILs
are currently used in a plethora of industrial processes, as
reviewed elsewhere.! Nowadays, there is no doubt about
the great utility of ILs in both modern chemistry and
technological applications.> The importance of ILs can be
easily evidenced by measuring the number of important
reviews published on the subject and their related
applications. Many literature surveys are available to
different audiences spanning disciplines from asymmetric
catalysis, homogeneous catalysis, organic synthesis,
green chemistry, biotransformations, analytical chemistry,
industrial applications, enzymatic reactions and others.*'?

Despite all advances on the basic properties,
comprehension and use of ILs, there are still many things
left to be achieved. And, somewhat surprising, their
physical and chemical properties still have many issues
under debate. The definition of ILs has been a subject
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of much debate over the years, especially in the last
decade. and there are still some contrasting definitions.
In the present manuscript the term “ionic liquid” will be
used to describe supramolecular structures composed
entirely of ions that melt below 100 °C or typically close
to room temperature. Commonly, one can find an organic
cation (e.g., ammonium, phosphonium, imidazolium,
pyridinium and others) with an anion of relatively
low coordination strength (e.g., hexafluorophosphate,
halides, acetates, bis-trifluoromethanesulfonimide,
tetrafluoroborate and others).

To understand the effect of a chosen IL on a specific
reaction, it is necessary to have prior knowledge of their
organizational behavior, physicochemical properties and
reactivity. Only then it is possible to envisage a beneficial
effect over organic and catalytic reactions using these
materials. The reader can find many articles covering the
subjects of properties, reactivity and organization in the
literature, thus our option was for a brief description on
the important issues of interest to our discussion rather
than focus on their properties and organizational behavior.
Results from other groups will be cited only if necessary
for a better understanding of a specific property, result or
for illustrative comparison. Considering that the scope of
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the present manuscript is rather limited, the reader is urged
to peruse comprehensive reviews on the subject already
cited herein. Moreover, this article will place an emphasis
on imidazolium chemistry, which encompasses, no doubt,
arich, attractive, important, challenging and controversial
class of ILs.

Imidazolium-based ILs occupy an important part, and
much studied aspect of, IL chemistry. Their structural three-
dimensional organization reveals one major aspect of these
salts: they display structural directionality mainly due to
hydrogen bonds."!* The net result is a nano-organization
of inclusion compounds through ionic-pairing where the IL
itself acts as an entropic driver forming a supramolecular
network (aggregate formation), i.e., the so called “ionic
liquid effect”. It is worth highlighting that the organization
is spontaneous and of considerable extension, therefore, the
effect is expected to be amplified due to the supramolecular
aggregate formation rather than based only on the isolated
cation or anion. Scheme 1 illustrates a basic organization
of imidazolium-based ILs.
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Scheme 1. Representative 2D basic arrange of imidazolium-based ionic
liquids. Note that a monomeric unit of a cation is basically surrounded
by three anions and the monomeric unit of an anion surrounded by three
cations.

The tendency towards ion-pairing, aggregation and
high organization is not restricted to pure ILs. Indeed, it
was possible to observe in several cases that ILs showed
a beneficial and direct effect on the reaction rate (and/
or selectivity) during a specific transformation. The
capacity of these salts to promote reactions that are
difficult to perform in classical organic solvents has
already been described for many cases.'>!” These effects
can be attributed to the inherent ionic nature and self-

A- 1R'=Me, A = MeSO3
7\ 2R1 = Me, A = N(SO,CF3),
N @ N _~_~ 3R'=H A=PFCF,CFy),
4R'=H, A = N(SO,CF3),

R 5R!=H, A=BF,
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organization promoted by these salts that are capable
of (co-)promoting the formation and stabilization of
ionic or polar intermediates (or transition states) through
different types of ion pairing and supramolecular
aggregates formation, thus resulting in a spontaneous
nano-organization of the system. In other words, these
salts are acting as entropic drivers to the system, which
is the ionic liquid effect in action.

In this account, our investigative effort to the development
of organic and catalytic reactions in imidazolium-based
ILs is described, the development and application of
ionically-tagged catalysts, as our contribution to a better
understanding of the organization, reactivity, properties and
application of this intriguing class of materials.

2. Distillation of lonic Liquids and the
Controversy of Carbenes

For long one assumed that ILs were non-volatile.
Nevertheless, this property was only an assumption that
has dominated the chemistry of ILs since its origins than
properly asserted with scientific accuracy. Since Earle’s
publication' showing that some ILs are indeed distillable,
many discussions have been found about this issue.
The exactly mechanism of how an IL behaves during a
distillation process varies according to its specific ionic
composition and possibility of carbene formation. The
possibility of carbene formation cannot be discarded, but
it has not been proven without doubt. In this sense, the
distillation process by means of atmospheric-pressure
chemical ionization mass spectrometry experiments
(APCI-MS and APCI-MS/MS) was investigated in our
previous work.! Six different imidazolium-based ILs
(Figure 1) were “distilled” and the species involved in the
process investigated.

Results indicated that all the ILs distilled as neutral
aggregates of a general formula [ImA],, where Im is the
imidazolium cation, A is the anion and n varies from 1-3.
The concentration of aggregates with n = 2 or 3 increased
upon increasing the temperature. These observations
allowed a mechanism proposition for the process, as shown
in Scheme 2.

It is important to highlight that, indeed, there is no
consensus on the mechanism involved in the distillation
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Figure 1. Imidazolium-based ionic liquids investigated (“distilled”’) by APCI-MS.
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Scheme 2. Plausible distillation process of imidazolium-based ionic liquids (left) and the APCI-MS(/MS) process (right). Adapted from reference 19.

process. Carbene formation and a proton transfer
mechanism cannot be discarded, but the evidence points
towards neutral aggregates during the vaporization. The
tested chiral®® and functionalized IL 6 showed a similar
behavior during the distillation process, thus it indicates
that other functionalized (chiral or not) ILs may undergo
distillation through the same mechanism. Also, we can
note the presence of a methyl group in the C2-position of
the imidazolium ring (ILs 1 and 2, see Figure 1) to avoid
carbene formation even though, the IL is distilled.

In imidazolium-based ILs, as a consequence of the
relative acidity of their C2-H hydrogens (pKa on the
range of 21-23),*' N-heterocyclic carbenes (NHC) may
coexist and are, therefore, believed to act as key species.
Indeed, they exert a major influence on some major IL
properties and are capable of stabilizing metal complex
derivatives and metal nanoparticles, and, in some cases,
NHC are capable of acting as catalysts for reactions
performed in “noninnocent” ILs. There have been,
however, controversial evidences that NHC co-exists in
pure liquids or solutions with the parent imidazolium ions.
Actually, many authors remain skeptical about the role
of NHC in IL chemistry, particularly in protic solvents.?
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o

Scheme 3. Synthesis of the di-charged Ni-containing ionic liquid.

NN N

With this in mind, we have synthesized a di-charged
imidazolium-based nickel-containing IL with high
crystalline organization (Scheme 3) to a mass spectrometry
(MS) study,”® mostly based on electrospray ionization
tandem mass spectrometry ESI-MS(/MS).

The di-charged Ni-containing IL displayed a well-
organized 3D network and formed well-ordered ionic
channels (Figure 2). It is noted that both imidazolium rings
are directed to the nickel-containing anion.

NHC are neutral species. A major limitation of MS is
that this technique is blind to neutral entities. Nevertheless,
the second imidazolium in the structure of IL 8 can act as a
charge-tag, thus allowing the detection and characterization
of the carbene, as shown in Scheme 4.

Note that without the charge-tag, it would not be
possible the detection and characterization of the NHC
with a m/z 235. This successful idea was later fully
explored by Corilo et al.** to probe the NHC formation
in doubly, triply and quadruply charged imidazolium
derivatives. Despite the good results obtained with the
strategy of a positive charge-tag, the possibility that NHCs
were formed in the gas phase from a direct reaction of
the imidazolium and the anion could not be completely

100 °C
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dismissed.
Since the strategy of using charge-tags is very

Lz

Figure 2. View of the crystal structure of 8 along the crystallographic a axis
(top). [NiCl,]* anions are shown as tetrahedral. Tonic pair of the di-charged
cation and the metal-containing anion (bottom). Hydrogen atoms have been
omitted for clarity in both cases. X-ray originally published in reference 23.

ESI(+)

Scheme 4. Charge-tagged N-heterocyclic carbenes (NHC) of m/z 235.
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promising and the study in the positive ion mode
(ESI(+)-MS/MS) does not discard the possibility of NHC
formation in a gas phase reaction, we decided to study
the NHC formation in the negative ion mode by using
a negative charge-tag instead of a positive one.” Thus,
two imidazolium derivatives were synthesized with the
possibility of forming a negative charge in the side chain
of their structures (Scheme 5).

The presence of a negative charge-tag in both
NHC 11 (m/z 139) and NHC 12 (m/z 203), allowed
the detection and characterization by ESI(-)-MS/MS.
Moreover, the study was conducted in a protic solvent (i.e.,
methanol) to show that even in protic solvent NHCs can
co-exist under many conditions. ESI was, in this case, an
excellent choice since it is a technique capable of a gentle
“fishing” of the ions from the solution directly into the gas
phase.” Fortunately, the strategy proved to be valuable and
both NHCs (11 and 12) were detected and characterized.
To be sure about their formation, both NHCs were also
promptly reacted with CO, in the gas phase. The ion/
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Scheme 5. Syntheses of two imidazolium-based ionic liquids as the precursors of negative charge-tagged carbenes and carbene formation.
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molecule reactions, which is a very elegant way to confirm
the proposed structures, resulted in the direct addition of
NHC to CO, (Scheme 6), thus confirming the interception
of the NHC species.

Indeed, all results opened up a new avenue for the
intrinsic physicochemical properties evaluation and the
solvent/counter-ion reactivity of many types of reactants
with gaseous NHC from imidazolium derivatives, which
are now possible, based on the strategy of negative
charge-tags.

3. Supramolecular Aggregates (and
lon-Pairing) Formation: the lonic Liquid
Effect

The capacity of forming supramolecular aggregates
with both cations and anions allows the possibility of
stabilizing charged and polar intermediates (or transition
states) of many kinds of reactions by using ILs as the
media.

In this sense, the ionic nature of the intermediary species
in the Baylis-Hillman reaction (BHR) render them as an
attractive model for studying the effect of ionic media on

Neto and Spencer
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both the stability and reactivity of such intermediates, as
shown in the commonly accepted mechanism for the BHR
(Scheme 7).

Indeed, the use of ESI-MS allowed us to detect and
characterize the supramolecular aggregates from the BHR
(Figure 3).”

These unprecedented supramolecular species
(Figure 3) detected by both modes ESI(+)MS(/MS) and
ESI(-)MS(/MS) allowed a better understanding on how
imidazolium-based ILs could help in the formation and
stabilization of the charged intermediates from the BHR.
Those ILs were capable of participating as supramolecular
coordination species resulting in more stable intermediates.
Moreover, we proposed the aldehyde activation toward
nucleophilic attack via 1-n-butyl-3-methylimidazolium
(BMI) coordination (Scheme 8).

We have also studied the ionic liquid effect in
intermolecular hydroamination or hydroarylation reactions
of norbornene and cyclohexadiene performed with catalytic
amounts of Brgnsted or Lewis acid in imidazolium ILs
(Scheme 9).% It is worth remembering that Brgnsted acids
commonly display superacid behavior in ILs, as reviewed
elsewhere.”
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Scheme 6. Ion/molecule reactions in the gas phase of the negative-charge tagged N-heterocyclic carbenes 11 and 12 with CO, generating 13 (m/z 183) and

14 (m/z 247).
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Scheme 7. Accepted basic mechanism for the Baylis-Hillman reaction.



992

S /0 o
|iN/>—< * \/U\OMe

H

BMI.X (7 mol%)

N Supramolecular \/\/'\@/N\
£ OH intermediate from
. X~ BMI | Michael addition BMI, m/z=139

—
k/kOMe

X =BFy, m/z425
X = PFg, m/z 483
X = CF3CO,, m/z 451

P

N -N
Supramolecular

_ Z OH intermediate from N. OH

X T k/k Michael addition +

OMe

X = BF,, m/z 485

X = PFg, m/z 543

X =CF3CO,, m/z511
— - m/z 312

Aldol
interemediate

OMe

S
HO N'\/}

The Impressive Chemistry, Applications and Features of Ionic Liquids

Zﬁb QNOW

X =BFy, m/z87

X = PFg, m/z 145 L?‘b

X =CF3CO,, m/z113 H
m/z 113

protonated
DABCO

:
alr

m/z 199
Michael addition

intermediate
OH

o
|
S | | OMe
e
\H

m/z 200
Protonated Baylis-

J. Braz. Chem. Soc.

X | Supramolecular
intermediate from
aldol reaction

HO

X = BF,, m/z 538
X = PFg, m/z 596
X = CF3CO,, m/z 564

OH (0]
S Supramolecular
\”)w/ko""e Baylis-Hillman
N\ _N adduct with

m/z 338

Hillman adduct

S o
5
N H
BMI

BMI cati
cation m/z 252
Supramolecular specie
of aldehyde and BMI cation
association

BMI

Figure 3. Supramolecular aggregates of charged intermediates from the Baylis-Hillman reaction with imidazolium-based ionic liquids detected and

characterized by ESI-MS(/MS).
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Scheme 8. Aldehyde activation by 1-n-butyl-3-methylimidazolium cation.

Results showed higher selectivity and yields for
those reactions performed in ILs than those performed in
classical organic solvents. The IL increases the acidity of
the media and stabilizes ionic intermediates through the
formation of supramolecular aggregates. The presence of
charged intermediates is clear from Scheme 9 in the proposed
mechanism. It is also possible to observe that the anion may

_— >

Baylis-Hillman adduct

enolate

play arole in the stabilization of these intermediates. In fact,
it was possible to conclude that anions with low coordination
ability (related to the basic character of the anion and the
ionicity of the molten salt), i.e., such as NTf,, gave better
results for the reaction. ILs not only increased the acidity of
the media, especially of the anilinium salt, but also stabilized
the key intermediate ionic species via the formation of
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Scheme 9. Hydroamination/hydroarylation reactions in ionic liquids and proposed acid catalyzed reaction pathway. Adapted from reference 28.

supramolecular aggregates. In ionic media, it was also
possible to tune the selectivity for N-H or Ar-H products by
changing the reaction conditions and aniline substitution
patterns. Supramolecular aggregates were detected and
characterized by ESI(+)-MS(/MS), demonstrating the ability
of the anion to stabilize the charged intermediates formed
during the transformation. Indeed, the ionic liquid effect
resulted in much better yields and selectivity when compared
to those in classical molecular solvents. Figure 4 shows the
detected supramolecular aggregates.

4. Catalysis in Imidazolium-Based lonic Liquids

ILs are very attractive media to promote catalytic
reactions. Their negligible vapor pressure, capacity

H H ||4
H
NN ~ NG
N . N/+ N +
@ “NTf, @ (CF3S03)~ @
m/z711
+
i i
H H H | _H
~ e
N7 N7
i ~NTf,
m/z 468

to solubilize a wild range of organic, inorganic and
organometallic compounds, tuned miscibility (or
immiscibility) with a plethora of solvents, and tuned
physicochemical properties make ILs an extremely
attractive media to promote a wild range of catalytic
reactions. Moreover, in many cases, it is interesting to note
the formation of two-phase catalytic systems, which are
commonly observed in catalysis promoted in ILs. Many
recently reviews describe some aspects of the advances
made in IL-mediated catalysis.’*3

Considering all these attractive features of
imidazolium ILs, they were thought as alternatives to
organoaluminate melts, which were prepared upon mixing
of quaternary ammonium salts (e.g. N-alkylpyridinium or
1,3-dialkylimidazolium halides) with AICL, in different

_ W
H N
Ho| _H
A ©}
“NT, N
m/z513

(CF3S03)™

m/z 337

Figure 4. Supramolecular aggregates of charged intermediates from hydroamination (or hydroarylation) reaction with imidazolium-based ionic liquids

detected and characterized by ESI-MS(/MS).
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Scheme 10. Synthesis of the organoindate ionic liquid BMLInCl,.

proportions. However, these compounds are reactive
towards air and moisture. Moreover, they are difficult to
handle and several organic/organometallic substrates are
not chemically inert in these media. These major drawbacks
limit their application, especially as recyclable media. In
this sense, we have developed™® a novel organoindate room
temperature IL (Scheme 10) to overcome these limitations.

The new IL BMLInCl, displayed relative low viscosity,
was easy to handle, air stable and not moisture sensitive. The
new ionic liquid was applied in the tetrahydropyranylation
of different alcohols (Scheme 11) and it was used as the
reaction media and catalyst for the reaction.

@ + R—OH

(0)

BMLInCl,
—_—

Scheme 11. Tetrahydropyranylation of alcohols in BMI.InCl,.

The system was recycled and reused five times. One
impressive feature of this reaction is the product separation
(Scheme 12).

Scheme 12 shows the so-called “ideal catalysis” since
it is possible to recycle the catalytic system and product
separation is only a decantation process. It is worth
describing that only the desired product is found in the
upper phase after catalysis had taken place.

The Mannich reaction and the N-acyliminium chemistry
are very useful and can be applied in the synthesis of
many alkaloids and biologically active compounds.
N-acyliminium cations can be generated in the presence of
different Lewis acids. Since the IL BMILInCl, had already a
Lewis acid character in its anion, we successfully combined
such a partnership to test an in situ generation of those ions
which were trapped by active olefins (Scheme 13).3*

Interestingly, the use of other ILs rather than BMILInCl,
gave no interesting result. The test reaction using BMI.BF, and

O\OMe
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Scheme 12. A schematic (top) and an actual view (bottom) of catalytic
1-pentanol protection in BMLInCl, with 3,4-dihydro-2H-pyran before and
after catalysis. The white bar (bottom) is the magnetic bar. Picture adapted
from reference 33.

5 mol% of InCl, (as an additive) gave the desired product in
only 25% at 50 °C. On the other hand, reactions carried out
in BMLInCl, without any additive, resulted in compound 17
in 80% at room temperature (25 °C). The diastereoselectivity
of the reaction was evaluated using Z-olefins and gave very
good results. All diastereoselectivities ranged from 5:1 to
12:1 favoring the erythro isomers.

Another application of BMIL.InCl, was to support
different metal catalysts to promote biodiesel synthesis.
We have used this IL as support with impressive results.?
The best catalyst among the 28 tested was Sn(3-hydroxy-
2-methyl-4-pyrone),(H,0), supported in BMIL.InCl, to
perform the transesterification reaction of soybean oil
(Scheme 14).

We found that the biodiesel yield increased from
55 to 83% when the IL was changed from BMI.PF, to

D\/\

o~ SiMes N
%I\ 17

——————> O OBu

N additive (0-5 mol%)
A —
07 Somu I o)
15 16
IL= _
o)\ B
\/\/
\/\/N@/N\

Scheme 13. N-acyliminium ions generation and reactions in BMLInCl,.
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Scheme 14. Biodiesel synthesis in BMIL.InCl, promoted by a tin catalyst.

BMIInCl, within just 4 h. After this time, yields decrease
as a consequence of a reverse transesterification with the
formed glycerol. We have also showed that the catalytic
system was active for a direct esterification reaction.
Based on all obtained results, the mechanism could be
studied and a catalytic cycle for the transformation was
proposed (Scheme 15).

Biodiesel from soybean oil

Upon methanol addition, the catalytically active
species 20 is formed in situ through a ligand exchange.
Thus, the coordination of the triglyceride (or diglyceride,
monoglyceride or the fatty acid) takes place forming the
intermediate 21. As a consequence, the natural polarization
of the C=0 bond increase, facilitating the next step, i.e.,
the nucleophilic attack of the alcohol. After that, species 21

MeOH

Biodiesel

The square represents
a vacant coordination site

HO.

o
O
19
(triglyceride
or
o diglyceride
/U\ -
R20 R! monoglyceride
ou
fat acid)
N
O O—Me
sf  O—Re
<7\
o o:<
R1

Alcohol (MeOH)

Scheme 15. Catalytic cycle proposed for the transesterification or direct esterification furnishing biodiesel. Adapted from reference 35.
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probably develops via a four center transition state 22
furnishing the desired biodiesel, as shown in Scheme 15.

Commonly used ILs were also tested as support to
classic acid and base catalyzed synthesis of biodiesel. We
showed the efficiency of the catalytic system with K,CO,
(basic catalysis) and H,SO, (acid catalysis) in those ILs.*
The biodiesel could be obtained in almost quantitative
yields in less than 1 h. One interesting feature of the article
was the study on carbene formation in BML.NTT,, since
there was the presence of basic species to promote the
biodiesel synthesis. By using *C NMR, we could observe
that the presence of ethanol inhibited the carbene formation
(Figure 5).

It is noted that the addition of a base resulted in a drastic
reduction of the C2 carbon intensity in the *C spectrum
indicating carbene formation. In the presence of ethanol,
the signal increases again, indicating that the carbene may
form, but the presence of an acidic hydrogen in the alcohol
allows an immediate protonation.

Biodiesel, despite being a promising alternative fuel,
has many technological problems associated with its use.
ILs, however, have proven to be an excellent media for
the synthesis and modification of this biofuel, as recently
reviewed.’” 0 In this sense, we decided to perform an
enzymatic modification of biodiesel towards a better
oxidative stability of the biofuel.*’ We have tested 9
commercially available lipases to promote the epoxidation
of C=C bond of methyl oleate using hydrogen peroxide as
the oxidizing agent (Scheme 16).

Interestingly, the three tested ILs (BMI.PF,, BMI.NTT,
and BMI.BF,) gave very different results. The use of
hydrophobic ILs (BMI.PF, and BMI.NTf,) gave the
desired epoxidized methyl oleate (EMO) in good yields.

Methyl oleate

Epoxidized methyl oleate (EMO)

(0]

J. Braz. Chem. Soc.
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Figure 5. *C-{'H-NMR experiments at 70 °C. Experiments conducted
in a sealed NMR tube containing a sealed capillary tube charged with
DMSO-d, as the external scale reference. Note the quartet of the CF; of
the anion. (a) Pure ionic liquid BML.NTHY,, (b) BML.NTf, and Cs,CO, and
(c) BMLNTf,, Cs,CO; and EtOH. Reproduced from reference 36 by
permission of Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim.

However, in BML.PF, the best enzyme was R Amano K
(from Penicillium roqueforti) which resulted in EMO in
82% in the fifth reaction hour. In the mean time, the best
enzyme in BMLNTT, was lipase type II (from calf tongue
roof), resulting in EMO in 78% in the first hour of reaction.
It was also observed low yields of DIOL with those two
ILs. The use of a hydrophilic IL, however, gave the most
surprising and impressive result. In the first hour of reaction,
only EMO was obtained in 89% by using lipase Amano A

30°C
Lipase enzyme
H,0, (30% viv)

X = PFg, NTf,, BF,4

1,2-diol (DIOL)

Scheme 16. Enzyme- (lipase-) catalyzed epoxidation (EMO) and epoxy ring-opening (DIOL) reaction using methyl oleate as the substrate and hydrogen

peroxide (30% v/v) in ionic liquids at 30 °C.
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(from Aspergillus niger). After this time, the DIOL yield
increased as well, as observed in Figure 6. We monitored
the reaction for 5 h using lipase Amano A.

100

[ Emo
[CbioL
80
60
R
=~
o
[}
= 40 4
20
0+
1 2 3 4 5

Time/h

Figure 6. Obtained yield of EMO and DIOL in the first and in the fifth
reaction hours under the studied conditions using BMI.BF, at 30 °C.

The best DIOL yields were observed in BMI.BF,
too. The hydrophilic character of this IL allowed a better
dissolution of the oxidant agent (H,O,) in the reaction
media. In the third reaction hour, DIOL was obtained in
60% (the best DIOL yield among the tested ILs).

ILs can be used as efficient media to support and
stabilize metal nanoparticles and this subject has been
reviewed.*** In this sense, we have tested in situ generated
palladium nanoparticles stabilized in BMI.PF, and BML.BF,

OMe

C=BMI
A=BF, 0

Well-organized

three dimensional | Stabilized
ionic liquid | nanoparticle
supramolecular
structure
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to promote the selective and partial hydrogenation of
biodiesel*® envisaging an increase in its oxidative stability.

The use of imidazolium-based ILs allowed the
formation of ca. 5 nm palladium nanoparticles. Indeed,
the catalytic system proved to be the most selective and
efficient system for performing the selective hydrogenation
of biodiesel towards oleic composition of the final product.
This effect was attributed to the solubility of mono-enes and
dienes in ILs. It is known that commonly dienes have a high
solubility in ILs when compared to mono-enes. Thus, a
mechanism to the partial hydrogenation could be proposed,
as shown in Scheme 17.

Another important feature was the transmission electron
microscopy (TEM) analyses after catalysis, which revealed
no particle aggregation. However, the catalytic system
lost its activity upon recycling. BET analysis was then
performed with very elucidative results. After the first run
a specific surface area of 171.685 m? g-!, a porous volume
of 0.3854 cc g! and a porous size smaller than 735.8 A
were noted. After the sixth run, however, a surface area of
199.615 m? g!, a porous volume of 0.4726 cc g~!' and a porous
size smaller than 412.8 A were observed. Considering that the
pore size decreasing during each runs, it was comprehensive
the reason for the loss of activity of the nanostructure system.
The substrate could not access the catalyst preventing the
reaction from taking place, especially because biodiesel is
much higher in its van der Waals volume.

Biologically active compounds, such as isatins,*’” were
synthesized in imidazolium-based ILs with impressive

Scheme 17. Partial hydrogenation and selectivity promoted by Pd-nanoparticles in ionic liquids. Reproduced from reference 46 by permission of the

Royal Society of Chemistry.
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results. Upon anion exchange, it was possible for us to
obtain the isatin-3-oxime derivatives* under acid catalysis
with considerable different yields (Scheme 18).

The effect was attributed to the stabilization observed
in the charged intermediates of the cyclization through
ion-pairing formation, as shown in Scheme 19. The
best results were obtained using BMI.NTT, as the ionic
media and HBF, as the Brgnsted acid.

Besides the anion effect, it is worth remembering
that Brgnsted acids have their acid strength increased in
imidazolium-based ILs,*** as discussed before.

Amides belong to a very important class of compounds.
The amide group is widespread and found in a plethora of
natural products, polymers, signaling molecules and others.
The class of large-chain amides is of special interest due to
their biological activity. The synthesis of amides, however,
is a not an easy task, as recently reviewed.” Envisaging an

N/OH

L
RJ@L 0

N

\

H

23

Brosted acid

J. Braz. Chem. Soc.

efficient methodology to obtain large-chain biomass amide
derivatives, we supported some Lewis and Brgnsted acids
in ILs to obtain the desired product from an aminolysis
reaction esters and carboxylic acids (Scheme 20).%!
Reactions conducted in organic solvents (or solventless)
gave only reasonable yields with longer reaction times.
All tested ILs (BMI.NTf,, BMI.PF, and BMI.BF,)
gave essentially quantitative yields using BF,.OEt, as
the catalyst (5 mol%) and methyl oleate as the model
substrate in the biphasic catalytic system. However, to
avoid the anion degradation (PF,~ and BF,”), we decided
to keep the study using only BMI.NTTf, as the ionic
media. HCI, H,SO,, SnCl, and CdO gave by far the
best results (ca. quantitative yields). Since we could not
recycle BF,.OEt,, HCI and H,SO,, we decided to study
the transformation with those two metals, i.e., SnCl, and
CdO. Both catalysts could be used at least 8 times without

N —OH
R —0
N
\
H

Isatin-3-oxime
24

Isatin

25

Scheme 18. Cyclization promoted in ionic liquids under acid conditions for the syntheses of isatin-3-oxime derivatives.

J {
Ly = L

N \

\

Charged intermediate

HO_ + 4
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Stabilized charged intermediate

HO
£X

Isatin-3-oxime
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Scheme 19. Anion stabilizing effect of the charged intermediate during the acid (HBF,) catalyzed cyclization in BMLNTT,.
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0]
R3
o 7 /lk R3
HNQ ) . R? N~ O,
R4 Lewis or Bronsted acid | H~ R2
R? OR2? + . P > R4 +
) Primary or ionic liquid Water or alcohol
Ester or acid secondary Amide with a large side chain (R')
amine

Obtained in high yields

Scheme 20. General example of aminolysis reaction (amide bond formation) in ionic liquids. Note that R' can be a large chain group.

any loss in the catalytic activity. CdO, nevertheless, experiments. All results allowed a better understanding on
underwent leaching and 1% of the metal could be found the need of amine excess in the reaction media (Scheme 21).
in the product phase (upper phase). The methodology The obtained results indicated the preference for a
allowed the synthesis of many amide derivatives in good 6-membered transition state, thus explaining the excess
to excellent yields. of amine in the reaction media. Moreover, the C=0 bond
The mechanism of the transformation and the ionic activation was through a cooperative mechanism of the
liquid effect were studied by NMR and ESI-MS(/MS) IL and the metal catalyst, thus explaining the importance
(a) 1 2
o R\II\I/R /ﬁ\
4
Amide —> Rg)j\N/Rz H R o
|
R1 R2 R1
NHR1R2 \'I“/
H  (second amine molecule) M
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R | H
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N
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o C-H - R
_ metal (M) interactions
z o >
ionic
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C = BMI
A=NTf, O

M = CdO
.....

Scheme 21. (a) Plausible catalytic cycle to the aminolysis reaction in imidazolium-based ionic liquids. Note that from intermediate I the reaction can
undergo through a 4-membered transition state (II) or a 6-membered transition state (II’) with the participation of a second amine molecule (showed in
the left side on the top of this Scheme). (b) C=0 cooperative activation in ionic liquids. Adapted from reference 51.
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of the IL in the reaction. In this case, the used IL was
not only responsible for stabilize the polar and charged
intermediates, but it was also responsible for a partial
activation of the carbonyl group in the substrate. Due to
all features studied in this transformation, it was possible
to conclude that ionic liquid effect was more than just the
stabilization of the charged and polar intermediates, rather
the imidazolium cation also allowed a better activation of
the ester (or the acid) to initiate the reaction in the presence
of a metal catalyst.

5. Catalysts with lonic Tags

Many advantages in the use of catalysts with ionic tags
have been shown. Functionalized liquids or task-specific
ionic liquids (TSILs) play a fundamental role in modern
catalysis, as reviewed.?!5>

Envisaging a more efficient support (anchoring) in the
ionic phase, ligands (and their metal derivatives) with ionic
tags have been developed and tested, especially in biphasic
catalysis. Aiming to achieve higher selectivities and
activities (advantages of homogeneous catalysis) associate
with easier product separation, catalyst recovery and
reuse (advantages of heterogeneous catalysis) ILs are an
obvious choice for the use of ionically-tagged catalysts.
Since ILs are inherently “ionic” entities, it is more than
reasonable that the tethering of an ionic tag on the catalyst
structure increases the affinity (and solubility) for the IL
phase. Therefore, one should expect an efficient retention
of the catalyst in the ionic phase even after an extraction,
thus rendering the process more environmentally benign,
green, economically viable and sustainable. Moreover, an
additional feature of the presence of an ionic tag is that
water solubility is commonly increased,” and it may be a
desirable characteristic in many cases.

Indeed, it is interesting to rationalize some important
features, principles and advantages on the use of ionically-
tagged catalysts:

(i) Increased solubility in an IL phase as a consequence
of the chemical affinity between the tagged ligand (or
tagged metal catalyst derivative) and the ionic media.

(if) Efficient support due to the strong interaction with
the IL phase, thus avoiding the catalyst leaching and
possible recovers of it.

(ii) Improvement on the catalyst physicochemical
properties such as thermal stability and electrochemical
window. The use of an ionic tag is an elegant and
straightforward manner to tune the properties of a
specific catalyst by turning it more similar to an IL.

(iii) The possibility of a nano-organization as a consequence
of the ionic tag. It is worth remembering that

J. Braz. Chem. Soc.

imidazolium derivatives may act as “entropic drivers™**
with nano-effects and organization.

(iv) A chemical role by using catalysts with ionic tags as
proposed by Lombardo and Trobini:* “We posit as a
working hypothesis that, if the tag ion pair can approach
charges that develop along the reaction coordinate
with minimal distortion of bond angles and distances,
it can lower the free-energy barrier by complementing
charge separation in the dipolar transition state. As
a consequence, the catalyst loading can be reduced
compared to the reference homogeneous catalyst.”

(v) Orientation for the chemical approach of different
reagents/reactants due the possibility of aggregate
or ion-pairing formation with polar and charged
intermediates. Moreover, as a consequence, the
transition state of this kind of reaction is directly
affected by the charge (ionic tag) in the catalyst
structure. Therefore, different selectivities and yields
are observed (normally both are increased).

(vi) As already described by Sebesta et al.>* “an important
premise being that the ionic tag is catalytically
silent and inert in reaction conditions.” However,
despite it is a general principle, not always it can be
assumed as a true and, in some cases, the noninnocent™
nature of an imidazolium tag may be a desirable
feature, as will be shown.

With all these features in mind, we have designed the
synthesis and application of new catalysts with at least one
ionic tag in their structure. Initially, we decided to keep the
strategy of a charge tag to investigate metal complexes of
palladium, copper and nickel and apply the ionically-tagged
palladium complex as the promoter of phosphine-free
Heck and Suzuki reactions.”’

First, the known®® ionically-tagged ligand (and acetate
derivative) was synthesized as shown in Scheme 22.

ClI— (0]
LA~ L
+ —_
CI\/U\OH N\/ N— reflux /N\/ OH
MAI.CI

Scheme 22. Synthesis of the ionically-tagged ligand (acetate derivative)
MAICL

The ligand MAI.CI could then be treated in situ with
neutral Cu(OAc),, Ni(OAc), and Pd(OAc), to form mono-
(and di-)-charged complex (Scheme 23).

Studies in the gas-phase by ESI-MS(/MS) revealed a
unique chemistry of this species, especially for Cu and Ni
derivatives, as shown in Scheme 24.

Of great importance was the detection and
characterization of the organometallic derivatives 27a,b.
The cyclization reaction (Scheme 24, pathway A) allowed
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Scheme 23. In situ formation of novel metal complexes of Cu, Ni and Pd. Note that without any anion (X°) structures 26 are di-charged. Adapted from

reference 57.
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Scheme 24. Gas phase chemistry of Cu and Ni complexes with imidazolium ionic tags. Adapted from reference 57.

the formation of a more stable organometallic derivative
through the reaction with the in situ recently formed
carbene from the imidazolium moiety. The reaction with
Pd(OAc),, however, showed unique features in the gas
phase, as shown in Scheme 25.

The presence of an acetate anion directly coordinated
in the palladium center is in full accordance with the
proposition of a negative palladium as an intermediate
in Pd cross-coupling reactions.” In solution, however,
NMR experiments indicated the in situ formation of the
organometallic palladium derivative (Scheme 26). The
ionically-tagged palladium complex was synthesized
(Scheme 26), characterized and successfully applied as
the promoter of a phosphine-free version of the Suzuki and
Heck reactions (Scheme 26) with good results.

Unfortunately, reactions conducted in ILs gave poor
results for both the Heck and Suzuki reactions, probably
as a consequence of the catalyst inactivation due to carbene
formation in BMIL.BF, (or BMIL.PF, or BMLNTY),) in the
presence of different bases. Even though, the combination
of a classic molecular solvent such as methanol and weak
bases (e.g., K;PO, or K,CO,) with the catalyst 29 proved to
be a very active system for those phosphine-free reactions.
For instance, in the first reaction hour, the Heck adduct was
obtained in 85% and, under the same reaction conditions,
the use of PA(OAc), gave the same adduct in only 6% yield
after the same time.

Very recently, we have synthesized and applied a novel
ionically-tagged iron complex (Scheme 27) to promote the
epoxidation of C=C bonds for biomass derivatives.®
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Suzuki cross-coupling reactions.



Vol. 23, No. 6, 2012 Neto and Spencer 1003

o
o o
HO.
HO. HO. /O\ A\
SOCl, NN~ | | @ N—_
l l oH —> l l cl N
O MeCN
Kojic acid (31) 32 c
33
Cl—
N
N N
©)
FeCly
MeOH
(O)
NN~
Cl—
Scheme 27. Synthesis of the new ionophilic ligand 33 and the ionically-tagged iron(IIl)-complex 34.
Air-oxidation
1 2 :*:
R R
o \—;“‘ 0
I—!e Olefin Q >
S L R R
>
Hydroperoxide-oxidation
R2
ﬁ [0}
" - R R1A R2
|
Fe
>

Detected intermediates and oxidizing agent

(from air oxidation reaction)

cation radical structure
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Figure 7. Epoxidation products and yields of biomass derivatives using the ionically-tagged catalyst 34.
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The novel catalyst 34 was tested in the epoxidation
reaction of methyl oleate to afford EMO and DIOL (as seen
in Scheme 16). The use of BMI.PF, and BMI.BF,, as the
reaction media, despite the good results (high yields), was
not a good choice due to anion degradation (HF release)
under the catalysis conditions, thus the best ionic media was
BMILNTH,. Air (oxygen) and hydrogen peroxide (30% v/v)
were tested as the oxidizing agents with success. The use
of H,0,, nevertheless, avoided any recycle reaction due to
catalyst inactivation despite the mild conditions (30 °C). On
the other hand, the use of air as the oxidant at 90 °C, allowed
the catalyst and media recovering and reutilization at least
ten times without any loss in the catalyst activity. ICP-AES
revealed that down to 2 ppm of iron could be found in the oil
phase. The catalytic system was successfully applied with
other biomass substrates and, in all cases, the epoxidized
compound was obtained in high yields (Figure 7).

Another important feature of this work was
the mechanistic study, which was mostly based on
ESI-MS(/MS) experiments. It was noticed that reactions
performed with H,O, preferentially developed through a
radical mechanism and, in the meantime, the air oxidation
preferred a concerted mechanism (Scheme 28).

The detected and characterized intermediates have
a direct influence on the comprehension of cytochrome
chemistry and indicated some possibilities of action of
those enzymes during the enzymatic-catalyzed oxidation
processes.

6. Summary and Outlook

Despite all advances obtained with ILs, there are
still many challenges to be overcome, drawbacks
to be transposed and questions to be answered. The
importance and potential of ILs achieved a level that
no one could ever expect in the beginning of their
development. Some important physicochemical parameters
such as polarity are still under debate and others, like
their distillation process, is so-far indisputable. The
importance of carbenes as active catalytic species have
been already reported,’* especially those derived of
1,3-dialkylimidazolium cation.®*¢” Even though, there are
many challenges surrounding the carbene chemistry and
its potential applications in the field of organo- and
organometallic catalysis. Without doubt, ILs are nowadays
in front of a large and promising avenue towards catalysis
development. Thus, the search for greener, more selective,
faster and cheaper processes, necessarily points to the
development of ILs their applications.

In summary, IL chemistry continues to advance with
more applications in fundamental and applied processes

Neto and Spencer 1005

leading to technological progress and economic impact. This
has been a direct consequence of our improved understanding
of the role of ILs, by the use of tags, mass spectrometry,
etc. and the application of ILs to real problems in the real
world where often current approaches fall short.
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