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Alkoxide-mediated enolization of 1-arylpropan-2-ones and their
fluorinated derivatives, followed by «-functionalization with
nucleophilic addition and substitution reactions, has been
accomplished in the environmentally friendly eutectic mixture
choline chloride/urea, under aerobic conditions. The usefulness
of this new protocol has also been exemplified through the
synthesis of a small selection of building-block like molecules
through Pd-catalyzed o-arylation reactions.

Since its introduction at the beginning of the 20th century,
enolate chemistry has played a dominant role in synthetic
organic chemistry for the generation of branched carbon
backbones in a proximal position to carbonyl groups, which
represent important skeletons present in complex molecules."
Enolates are ambident nucleophiles, with the metal being
found either closer to the oxygen (as in the case of groups I,
11, and III enolates) or closer to the carbon atom, and can
adopt an astonishing array of self-assembled structures due
to aggregation, depending on the nature of the cation and the
solvent."® Being the conjugate bases of enols, enolates can be
prepared using a base, and with strong bases [e.g, lithium
diisopropyl amide (LDA), lithium tetramethylpiperidide
(LTMP), lithium Dbis(trimethylsilyl)Jamide (LiHMDS)] the
deprotonation is quantitative. As powerful nucleophiles,
enolates can react with a variety of electrophiles including
alkyl, allyl and benzyl halides, and carbonyl compounds, to
cite just a few examples. In particular, the o-alkylation of
arylpropan-2-one derivatives, via the corresponding enolates,
has been extensively studied due to the importance of such
branched skeletons in the functionalization of psychotropic
phenethylamines, and in the preparation of several
pharmacologically active compounds (Fig. 1).> Most of these
reactions, however, are generally carried out in anhydrous,
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nonpolar and volatile organic compounds (VOCs) [e.g., open
chain or cyclic ethers, (chloro)hydrocarbons], under an inert
atmosphere, and preferably at low temperature (up to -78
°C), using LDA and metal hydrides as bases.® The C-alkylation
of arylpropan-2-one enolates has also been investigated in the
absence of solvent, using KOH as the base,! in the presence
of alkali hydroxides in biphasic mixtures,” with phase-transfer
catalysts such as tetrabutylammonium bromide (TBAB) and
tetrabutylammonium hydrogen sulfate,’ or using calix[4]-
arene TAC4M.’

Pioneering, independent contributions from our group and
those of Hevia and Garcia-Alvarez have shown that the use of
polar organometallic compounds of s- and d-block elements is
truly compatible with environmentally responsible, nature-
inspired solvents [e.g., glycerol, water, and deep eutectic
solvents, (DESs)], even when working at room temperature (RT)
and under aerobic conditions.® We have also focused recently
on the use of DESs in metal,” and biocatalyzed"
transformations, and for the synthesis of heterocyclic
compounds.'’ On the basis of these precedents, we became
eager to explore the chemistry of enolates in DESs. Herein, we
wish to report the first examples of generation of an enolate
directly in a protic eutectic mixture under aerobic conditions,

HoN HoN
FaCOJ/

Amphetamine

Q

Deprenyl

HN
(0]

Cl
Metamphetamine Bupropion

Fig. 1 Selected examples of pharmacologically active phenethylamine
derivatives.
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discussing its reactivity towards alkylation and addition
reactions as well as in cross-coupling reactions.

We commenced our study with an exploration of the
reaction parameters aimed at converting 1-phenylpropan-2-
one (1a) into the corresponding o-methyl derivative (3a) via
the enolate intermediate 2a in three prototypical choline
chloride (ChCl)-based eutectic mixtures, namely ChCl/glycerol
(Gly) (1:2 mol mol™), ChCl/i-lactic acid (LA) (1:2 mol mol™),
and ChCl/urea (1:2 mol mol™) (Table 1). When the reaction
was performed in ChCl/urea at RT and under air, the
addition of bases like LDA (THF solution) or Cs,CO; (3
equiv.) to a solution of 1a in the above eutectic mixture (1 h),
followed by CH;I (up to 16 h reaction time) and quenching of
the mixture by an aqueous saturated solution of NH,CI, did
not lead to any appreciable amount of the desired adduct 3a
(Table 1, entries 1, 2). The alternative use of NaOH (3 equiv.)
or LiOH (3 equiv.) produced a similar higher yield (70-72%)
of 3a after 16 h (Table 1, entries 3, 4). Pleasingly, the
employment of NaH (3 equiv.) as the base led to the isolation
of 3a in 93% yield, and an almost quantitative conversion
(98%) was observed when using #-BuOK (3 equiv.) (Table 1,

Table 1 o-Methylation of 1-phenylpropan-2-one (1a) in different
eutectic mixtures®

base
CH, DES,RT,1h - CHs
1a 2a
CHj
1) CHgl, time CHs
2) NH,CI s O
Entry DES Base (equiv.) Time (h) Conversion” (%)
1 ChCl/urea LDA/THF (3) 16 NR°
2 ChCl/urea Cs,CO;3 (3) 16 4
3 ChCl/urea NaOH (3) 16 70¢
4 ChCl/urea LiOH (3) 16 724
5 ChCl/urea NaH (3) 16 93¢
6 ChCl/urea tBuOK (3) 16 98¢
7 ChCl/LA tBuOK (3) 16 NR°
8 ChCl/Gly tBuOK (3) 16 20
9 ChCl/urea t-BuOK (2) 16 42
10 ChCl/urea -BuOK (3) 1 62
11 ChCl/urea t-BuOK (3) 2 887
12 ChCl/urea t-BuOK (3) 4 907
13 ChCl/urea t-BuOK (3) 6 92¢
14 ChCl/urea t-BuOK (3) 7 967
15 ChCl/sorbitol t-BuOK (3) 7 32
16 ChCl/isosorbide ¢-BuOK (3) 7 36
17 Fructose/urea t-BuOK (3) 7 NR°
18 Menthol/LA t-BuOK (3) 7 NR°
19 Gly/i-Pro t-BuOK (3) 7 NR°

¢ Reaction conditions: 1a (0.75 mmol), DES [ChCl/Gly (1:2 mol
mol™); ChCl/urea (1:2 mol mol™); ChCI/LA (1:2 mol mol™);
fructose/urea (3:2 w w'); ChCl/isosorbide (1:2 mol mol™); ChCl/
sorbitol (1:2 mol mol™); menthol/LA (1:2 mol mol™); Gly/i-Pro (1:1
mol mol )] (2 g), RT, in air. ” Determined by GC. ¢ NR: no reaction;
substrate 1a was quantitatively recovered. ¢ Yield of isolated product
by column chromatography.
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entries 5, 6). Under the latter conditions (Table 1, entry 6),
the change of the eutectic mixture to ChCl/LA was ineffective,
whereas in ChCl/Gly a conversion not higher than 20% of 3a
was obtained (Table 1, entries 7, 8). By reducing the equiv. of
t-BuOK up to 2 in ChCl/urea, the conversion of 3a dropped
down to 42% yield (Table 1, entry 9). Notably, the
effectiveness of this transformation was still maintained (2a:
96% yield) by shortening the reaction time up to 7 h, after
the addition of CH;I (Table 1, entries 10-14). On the other
hand, on further screening of eutectic mixtures, the
conversion of 1a into 3a was only moderate (32-36%) [ChCl/
sorbitol (1:1 mol mol™); ChCl/isosorbide (1:2 mol mol™)]
(Table 1, entries 15, 16) or null [fructose/urea (3:2 w w ');
menthol/i-lactic acid (LA) (1:2 mol mol™); Gly/i-proline (-
Pro) (1.1 mol mol™)] (Table 1, entries 17-19]. Thus, the
combination of ChCl with urea proved to be the best
compromise between solubility and compatibility of DES
components with the strong base used, with enolate
formation being strongly disfavored in acidic DESs. The
preparation of ketone 3a by enolization of ketone 1a with
NaH, followed by a quenching reaction with Mel, was
reported to take place in 80% yield when working in
anhydrous THF (by distillation from sodium-benzophenone
ketyl) and under a nitrogen atmosphere at 0 °C."? It is worth
noting that by running the same reaction in air and in non-
anhydrous THF led to no formation of 3a.

With these optimized conditions in place, we sought to
capitalize on this process by exploring the scope of the
reaction with a variety of electrophiles (Scheme 1). With
regard to 1a, high yields (83-94%) of the desired alkylated,
allylated and benzylated products 3b-e were obtained when
benzyl bromide, allyl bromide or 1-chloro-3-bromopropane
participated in the process. Nitrostyrenes bearing both
electron-donating and electron-withdrawing substituents as
well as methyl acrylate all underwent nucleophilic addition
reactions smoothly, thereby affording products 3f-h in 91-
98% yield. The reaction with benzaldehyde gave a complex
mixture of cross-condensation/dehydration products, and
thus it was not investigated further, whereas less electrophilic
partners like ketones (acetone), amides (dimethylformamide),
nitrones, and malonates proved to be totally unreactive,
under these conditions, towards the putative enolate
intermediate 2a.

In consideration of the fact that the introduction of
fluorinated substituents in organic skeletons is known to
dramatically change their physicochemical and
pharmacokinetic properties,"* as well as to improve drug
delivery,"* we next turned our attention to the synthesis of
some fluorinated arylpropanone derivatives.'®> To our delight,
the alkylation (CH3l), allylation (1,1-dimethylallyl bromide),
and benzylation (benzyl bromide) of a series of
arylpropanones, decorated with a fluorine atom or a CF;
group at the ortho-, meta-, or para-position of the aryl ring
(1b-1d), proceeded uneventfully in ChCl/urea, under our
standard reaction conditions, thereby leading to products
3i-m in 50-95% yield (Scheme 2).

This journal is © The Royal Society of Chemistry 2021
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1) t-BuOK, ChCl/urea E
CHs RT, 1 h, in air CHg
- 3) NH,CI 3 O

3a:98%, 16 h
(96%, 7 h)

OCH,4
(0 O
9 NO,
CHj CH3
CHj
: e
(0]

3f: 98% (dr: 31:69), 16 h

3b: 83%, 16 h 3c:93%,7h

3d:87%,7h

cl
O OCH;
NO, (), o
CH3 CH3
(7 I

3g: 98% (dr: 33:67), 16 h 3h:91%,7h

3e:94%,7h

Scheme 1 t-BuOK-Mediated deprotonation of 1-phenylpropan-2-one
(1a) and a-functionalization with electrophiles in ChCl/urea (dr =
diastereomeric ratio; separable mixture of diastereomers).

To further explore the utility of this new protocol, we
investigated the synthesis of branched arylpropanone
derivatives in DESs by means of Pd-catalyzed C-C bond-
forming processes, which have become a powerful tool in the
synthesis of both natural products and active pharmaceutical
ingredients (APIs).'"® a-Arylation of ketones, by coupling
enolates with aryl halides, has always been challenging to
conduct, with preformed zinc or tin enolates and
stoichiometric amounts of nickel complexes being typically
used. B-Hydrogen elimination reactions were also found to
seriously compete with reduction eliminations en route to the
desired coupling products. Another hurdle is that alkali
metal enolates are typically generated at low temperatures,
whereas cross-coupling reactions usually take place at
elevated temperatures."”” Thus, various strategies have been
developed for the o-arylation of carbonyl compounds to limit
the aforementioned shortcomings. These include (a)
photoinduced Sx1 (ref. 18a) or Sgx1 (ref. 18b) reactions, (b)
polarity inversion of N-alkoxyenamines,'® and (c) a three-
component aminoarylation of alkynes followed by hydrolysis
of in situ generated enamines.”” As for enolate chemistry, the
most effective catalysts found so far are based on palladium
complexes containing sterically hindered, electron-rich
phosphines or N-heterocyclic carbene ligands, whereas
mechanistic studied disclosed the formation of unsaturated
and catalytically active [PdL] species undergoing a fast
oxidative addition with aryl halides, as the rate-limiting step,

This journal is © The Royal Society of Chemistry 2021
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1) -BuOK, ChCl/urea E
X CHj RT, 1 h, in air S CHs
| 2)E*, 7-16 h |
A o 3) NH,C P o
R b R 3i-m
[1b: R =2-F; 1¢c: R=4-F; 1d: R = 3-CF3 J
Ph |
F CH3 F E
CHs CHs CHs
3i:71%,7h 3j: 78%, 16 h 3k: 95%, 7 h
CH3 CH3
CHs FiC CHj;
(o) (o]
F
31:71%,7 h 3m: 50%, 7 h
Scheme 2 t-BuOK-Mediated deprotonation of fluorinated

1-arylpropan-2-one derivatives (1b-d) and «-functionalization with
electrophiles in ChCl/urea.

with the reductive elimination reaction from an
arylpalladium enolate intermediate being most probably
responsible for the C-C bond formation in the product.**'
o-Arylation of arylketones has also been recently enabled by
working in aqueous micellar conditions in the presence of a
designer surfactant and a lipophilic base.**

As part of our ongoing research in metal-catalyzed
transformations run in bio-based solvents, we recently set up
direct Pd-catalyzed cross-coupling reactions between
organolithiums or organozinc halides and (hetero)aryl
halides, working in air under mild conditions, either in bulk
water/NaCl or in eutectic mixtures, while using Pd catalysts
containing bulky electron-rich ligands.”*/ Our investigation
first focused on the C(sp®)-C(sp?) cross-coupling between 1a
and PhI (1.1 equiv.), in ChCl/urea, and in the presence of
t-BuOK as the base and Pd[P(¢-Bu);], as the catalyst, for the
preparation of 3n (Scheme 3). When the reaction was run at
45 °C in air using 10 mol% catalyst, adduct 3n was isolated
in 56% yield only after 12 h. By increasing the temperature to
70 °C and lowering the loading of the catalyst to 5 mol%, the
yield of 3n remarkably increased up to 96% after 2 h only. A
lower yield of 3n (67%) was instead obtained by switching to
PhBr as the electrophilic partner. Reducing the loading of the
catalyst up to 2 mol% caused a further decrease of the
product yield.

Under the best experimental conditions of temperature
and catalyst loading in ChCl/urea, both aryl iodides bearing
electron-donating  and  electron-withdrawing  groups
successfully cross-coupled with 1a, thereby furnishing
products 30-q in excellent 81-94% yield. The brominated
coupling module 5-bromo-1-methylindole cross-coupled with
good reaction efficiency as well with 1a to afford o-indolyl
derivative 3r in 56% yield (Scheme 3).
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1) t-BuOK, ChCl/urea Ar
CHs RT, 1 h, in air CHa
0 2) ArX (X =Br, 1) (1.1 equiv)
Pd[P(t-Bu)s], (5-10 mol%) o]
1a 45-70°C,2-12h 3n-r

(T

3n: 56% (Phl, 45 °C, 12 h, 10 mol%) 30: 90%
96% (Phl, 70 °C, 2 h, 5 mol%) (m-BrCgHal, 70 °C,
67% (PhBr, 70 °C, 2 h, 5 mol%) 2 h, 5 mol%)

CHs

"

Cl OMe
CHs CHg
Y O

3p: 81% 3q: 94% 3r: 56%
(p-ClCgHyl, 70 °C,  (p-OMeCgHyl, 70 °C, (5-bromo-1-methylindole,
2 h, 5 mol%) 2 h, 5 mol%) 70 °C, 2 h, 5 mol%)

Scheme 3 «a-Arylation of phenylacetone (la) via Pd-catalyzed cross-
coupling reactions with (hetero)aryl halides in ChCl/urea (yields of
isolated compounds).

Conclusions

In summary, the environmentally benign eutectic mixture
ChCl/urea (1:2) revealed to be an effective reaction medium
for performing an alkoxide-mediated enolization of
1-arylpropan-2-ones and their fluorinated derivatives, and for
promoting o-functionalization reactions by nucleophilic
addition to conjugated systems and substitution reactions
with alkyl, benzyl and allyl halides. These reactions proceed
under remarkably mild conditions (room temperature) and
in air, providing the desired products in up to 98% yield.
Less electrophilic partners like ketones, nitrones, amides and
malonates, however, proved to be unreactive under these
conditions. Of note, regioselective Pd-catalyzed cross-
coupling reactions between the potassium enolate of
phenylacetone and (hetero)aryl halides proved to be also
feasible under such aerobic conditions in ChCl/urea upon
simple warming the reaction mixture to 70 °C and with a
catalyst loading up to 5 mol%, thereby furnishing branched,
a-arylated derivatives in 56-96% yield, irrespective of the
electronic effects of substituents.

According to recent investigations,*” the chemistry of
s-block elements, run in DESs under aerobic conditions,
sometimes benefited from the presence of ethereal solvents
(e.g., cyclopentyl methyl ether) in the mixture. It is worth
highlighting that the present protocol allows instead the
formation and the functionalization of enolates in a neat
eutectic mixture, thereby complementing the traditional

4 | React. Chem. Eng., 2021, 00, 1-5
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approaches still adopted in enolate chemistry that generally
make use of stronger bases, anhydrous VOCs or biphasic
mixtures with phase transfer catalysts, inert atmospheres, and
low temperatures (up to —=78 °C). This opens the door towards
other exciting opportunities to functionalize enolates in a more
sustainable way, which are still unexploited in DESs.
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