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Foreword

My PhD grant was totally supported by the company Huvepharma Italy s.r.l.
in the framework of an ongoing collaboration with the Organic Synthesis research
group of the Department of Chemistry. The aim of my PhD project was to revise
common synthetic procedures applied in the portfolio of Huvepharma products in
terms of Green Chemistry perspective and, in the long term of the Sustainable
Developments Goals.

The file rouge of my PHD scientific project consisted in addressing the
environmental impact of the use of solvents in organic synthesis and in evaluating
their substitution with more sustainable options. Solvents are of great environmental
concern in a chemical process mainly because they are used in vast quantities; it
has been estimated that they represent more than 70% of the waste associated
with API production. Common volatile organic compounds (VOCs), which are the
conventional solvents used in most industrial processes, as well as in academic
research, possess many drawbacks from an environmental point of view, as they
show accumulation in the atmosphere, flammability, high toxicity, and non-
biodegradability.

However, a change in the solvent of the synthetic procedure may completely
change the way in which functional groups react. The use of new unconventional
solvents implies that at basic research level, there is a need to investigate not only
a new and so far unpredictable reactivity, but also chemo, regio and
stereoselectivities.

Given these premises, my research activity during my PhD can be resumed
at two main levels

e Study of the reactivity of organolithium compounds in protic reaction
media. Investigation of the nucleophilic versus basic reactivity of
organolithium reagents in non anhydrous conditions and at room
temperature,

e Application of new greener conditions to the production of APIs in
the Huvepharma portfolio, with focus on strategies to overcome the
use of VOCs. In agreement with Huvepharma R&D coordinator, I
have studied the synthesis of Febrifugina derivative Halofuginone, a
coccidiostat used in the veterinary medicine, and I have tried to
analyse some modifications of the synthetic steps according to the
green chemistry principles, in particular using a convergent
approach, cascade or multi-steps reaction, biobased solvents (CPME,
2-MeTHF, DESs, water) and catalytic reagents.
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Ac
Aok
API
BHT
Bn
Boc
Ch
CPME
Cy
DBE
DCM
DEE
DES
DFT
DMG
DME
DMF
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DMPU
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acetyl
anionic ortho-Fries
active pharmaceutical ingredient
butylated hydroxytoluene
benzyl
tert-butoxycarbonyl
choline
cyclopentyl methyl ether
cyclohexyl
di-n-butyl ether
dichloromethane
diethyl ether
deep eutectic solvent
density functional theory
direct metalation group
1,2-dimethoxyethane
N, M-dimethylformamide
1,3-dimethylurea
N, N-dimethylpropylidenurea
directed orfo-metalation
diphenyl phosphoryl
electron donating group
electron withdrawing group
fructose
glycerol
hydrogen bond acceptor
hydrogen bond donor
NN,N,N,N",N"-hexamethylphosphoramide
highest occupied molecular orbital
ionic liquid
imidazole
lactic acid
lithium diisopropylamide
lithium 2,2,6,6-tetramethylpiperidide
lateral lithiation
lowest unoccupied molecular orbital
methoxymethyl
melting point
methanesulfonyl
tert-butyl methyl ether
natural deep eutectic solvent
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PCM polarizable continuum model

PE petroleum ether

PG protecting group
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PO peroxide

SI internal standard

SM Suzuki-Miyaura
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T™MS trimethylsilyl
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Xyl xylitol
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CHAPTER 1. Properties and applications of organolithium
reagents

Lithium organic compounds have always been of great importance in organic
synthesis since their discovery by Schlenk and Holz in 1917.! Major improvements
in the synthesis and use of these reagents have been achieved by Ziegler,? Wittig?
and Gillman* > by properly developing correct handling procedures for the
preparation and use of these reagents in several synthetic methodologies such as
polymerization, lithium halogen exchange and other metalation reactions.
Nowadays organolithiums are indispensable reagents in organic as well as inorganic
synthesis; as an example, more than 95% of the total syntheses of natural products
rely upon lithium-based reagents in one form or another. However, the popularity
of these reagents among the synthetic community arises not only from their high
reactivity. Their availability as fairly cheap and stable commercial solutions mainly
in hydrocarbons, together with the formation of relatively non-toxic byproducts
(alkanes and lithium salts), make them a never-ending resource for the synthetic
community.

1.1 Aggregate structure and reactivity relationship in organolithium
compounds

Organolithiums (with the exception of methyllithium and phenyllithium) are
soluble in hydrocarbons,®® as a consequence most of organolithium-based starting
materials are available as stable hydrocarbon solutions. On the other hand,
methyllithium and phenyllithium require the presence of coordinating solvent (such
as DEE or THF) to be stable at room temperature. Hydrocarbon solution of 7+, s,
tBuLi, and ethereal solution of MeLi and PhLi are the most common reagents and
are generally employed as base to generate new organolithiums starting from a
more acidic substrate.

The electron-deficient lithium atom of an organolithium compound requires
high stabilization, since from the first pioneering studies by Dietrich and Hakansson
et al? it was demonstrated that organolithium reagents do not exist as monomers
in solution, but provide stable aggregates as hexamers, tetramers and dimers.° The
structures of these aggregates in solution were determined by X-ray diffraction®®
and deeply investigated by theoretical calculations.!! ! The basic building principle
of solid state aggregation, driven by electrostatic interactions, is the arrangement
of the lithium cations in a Lis triangle capped by a carbanionic a-C atom. This is the
base unit of this polyhedral core in which the lithium has its preferred coordination



number of four. In simple alkyllithium reagents, these triangles aggregate to form
tetrahedral or octahedral structures, as shown in Figure 1.1.1°

Li

--Q C
Li o@

Li

/ aggregation \

tetrahedron octahedron

Figure 1.1. Tetrahedron and octahedron metal cores formed by aggregation of the Lis
triangle coordination complex.

The aggregation state of simple organolithiums in solution can be easily
rationalized on the basis of the steric hindrance. As shown in Table 1.1, primary
organolithiums are hexamers in non-coordinating hydrocarbon solution, while
secondary and tertiary organolithiums are tetramers. Finally, only very bulky
organolithium reagents (such as benzyllithium and menthyllithium) are dimers.® 3

Table 1.1. Typical aggregation state in hydrocarbon solution.

Hexameric Tetrameric Dimeric Monomeric
EtLi PrLi PhCHaLi -
n-BulLi BulLi

Coordinating ligands have a crucial effect on the stabilization of the electron-
deficient lithium atoms being a powerful source of electron density. These ligands
stabilize the aggregates by coordinating the lithium atoms at their vertices,
promoting an entropically favoured lower degree of aggregation. The first class of
these disaggregating agents are common ethereal solvents such as THF, DEE, DBE,
MTBE and DME. As shown in Table 1.2, the presence of coordinating solvents
promotes a shift down of the aggregation state, for example 7-BuLi and EtLi remain
tetramers in DEE, THF and DME, while #BulLi becomes dimeric in DEE and
monomeric in THF at low temperatures.®



Table 1.2. Typical aggregation state in the presence of DEE or THF.

Hexameric Tetrameric Dimeric Monomeric
- Meli PrLi t=BulLifa!
EtLi &Buli ArLital
nBuLi s-BulLi
ArLi

(al in THF at < -100 °C

The aggregation state dramatically influences the reactivity of the
organolithium reagents; from a practical point-of-view, basic coordinating solvents
and additives are commonly employed in combination with organolithium reagents
to lower the aggregation degree of the organolithiums and increase their reactivity.
Some of the most common solvents and additives are shown in Figure 1.2.

HMPA PMDTA
H
9—NMe Ne \
MezN/F( 2 MezN/\/N\/\NMe2 o
NMe, N i
N,N,N',N',N",N"- N,N,N,N",N"- (-)-sparteine
hexamethylphosphoramide pentamethyldiethylenetriamine
DMPU DME TMEDA
X
Me. .Me NM
U Meo/\/OMe MezN/\/ ey
N,N'- 1,2-dimethoxyethane N,N,N',N"-
dimethylpropylidenurea tetramethylethylenediamine
THF MTBE DEE
(0] Me O.
Q vl Me Me._O._Me
Me
tetrahydrofuran t-butyl methyl diethylether

ether

Figure 1.2. The most important coordinating solvents and additives used in organolithium
chemistry in decreasing order of ability to deaggregate.

All the solvents suffer to some extent from a tendency to react with
organolithiums, precluding their use at temperatures above ambient, and in some
cases limiting them to 0 °C or below. It is well-known that DEE is stable over a
period of days in presence of 7BuLi at room temperature,!* while THF is easily
decomposed at this temperature by a reverse cycloaddition mechanism.® s-BulLi
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and #BuLi decompose ethereal solvents much more rapidly than r7Buli, therefore
their use is limited to temperatures below 0 °C.!¢ The stability of an organolithium
in the presence of a specific additive is commonly evaluated on the basis of its half-
life time (time required to reduce the initial concentration of 50%), as shown in
Table 1.3.

Table 1.3. Stability of organolithiums in commonly used solvents.

RLi Solvent Temperature (°C) Half-life
MelLi DEE 25 3 months
PhLi DEE 35 12 days
n-BulLi DME 0 5 minutes
DEE 25 153 hours
DEE/TMEDA 25 10 hours
THF 35 10 minutes
THF/TMEDA 25 30 minutes
THF/TMEDA -20 50 hours
£BulLi DEE 0 1 hours
DEE -20 8 hours
THF -20 45 minutes

As previously mentioned, solutions of alkyllithiums are the ultimate source
of most organolithiums, but a number of other bases are widely used to generate
organolithiums starting from more acidic substrates. Among them, hindered lithium
amide bases (e.g. lithium diisopropylamide, LDA, and lithium 2,2,6,6-
tetramethylpiperidine, LITMP) are extensively employed in organic synthesis by
virtue of the combination of their features, such as strong Brgnsted basicity and low
nucleophilicity, especially with respect to electrophilic carbon centres. LDA and
LiTMP are not soluble in hydrocarbons and are generally freshly prepared in ethereal
solvents because of their relatively low stability and difficult storage. Advanced °Li,
13C and N NMR experiments reported by Collum et al'” combined with
crystallographic studies®® have clearly demonstrated that these species exist in
solution as solvated dimer-monomer, and the nature of these aggregates is strongly
influenced by the presence of coordinating additives (such as the same
dialkylamino-precursor when used in slight excess) and by the concentration.!® 20



1.2 Basic reactivity of organolithium compounds: C-H
functionalization

Organolithium reagents are used in a plethora of different organic
transformations in which they act either as strong bases or nucleophiles. The most
common applications of organolithiums in organic synthesis are shown in Scheme
1.1.

transmetalation R —lithiati
) J\ Y a ion

X
c) R2 d) QDMG DMG i
o directed
lithium-halogen HLi ortho-metalation
exchange R ‘ ‘ Li (DoM)
i

R1/Li
T DMG lateral lithiation
1,2-addition Y
R o DMG Li (LL)
e) f)
O G

Li
R!
carbolithiation
9 Q_\
A

Scheme 1.1. Examples of organolithium reactivity with different electrophilic starting
materials: @) transmetalation; b) a-lithiation to heteroatoms; €) lithium-halogen exchange;
d) directed ortho-metalation; g) 1,2-addition to carboxylic acid derivatives; e) lateral
lithiation of arenes; f) carbolithiation of olefines.

The capacity to activate a specific C-H bond and transform it into a more
versatile functional group represents an important and long-standing goal in
chemistry.® 2 The strong basicity of the organolithiums makes these reagents
elected for C-H deprotonation-functionalization strategies of weakly acidic
substrates. In general, lithiation by deprotonation of a C-H bond occurs only if the
resulting organolithium displays two features: a) intramolecular coordination of the
electron-deficient lithium atom to a heteroatom-containing functional group (for this
reason hydrocarbons are extremely difficult to lithiate) and b) stabilization of the
electron-rich C-Li by a nearby empty orbital or electron-withdrawing functionalities.
In the next section, three of the most common syntheses of organolithiums by C-H
deprotonation will be discussed: deprotonation a to heteroatoms, directed ortho-
metalation and lateral lithiation of arenes.
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1.2.1 Lijthiation a to heteroatoms

Lithiation adjacent to a heteroatom is favoured by strongly acidifying groups,
able to enhance the acidity of the a proton by inductive effect, but it can also take
place in positions adjacent to oxygen or nitrogen-containing functional groups which
apparently decrease the acidity of the adjacent proton. In general, this lithiation
proceeds easily if the proton to be removed is in a benzylic or allyl-stabilized
position.??

Deprotonation a to oxygen is unfavorable because of an antibonding
interaction between the oxygen lone pairs and C-Li bond.® This repulsive effect is
dampened in the presence of carbonyl groups (e.g. in carbamate functional group)
due to the delocalization of oxygen lone pair; for this reason one of the most
versatile a lithiation is the deprotonation of bulky benzylic or allylic carbamates 1
promoted by s-BuLi, which can be remarkably carried out in an enantioselective
fashion in the presence of (-)-sparteine as chiral ligand (Scheme 1.2 a). This
strategy was applied to the asymmetric synthesis of highly nucleophilic
organolithium species, which could be reacted with a plethora of electrophiles with
excellent stereo-fidelity.?> 2* Despite their intrinsic low stabilities, other vinylic, allylic
and benzylic oxygen-containing functional groups such as vinyl 22> and allyl ethers
3,% furans?’ and epoxides 4?8 were used as platforms to generate the corresponding
lithiated species at low temperature in the presence of #BuLi or s-BuLi (Scheme 1.2
b-d).

s-BulLi

a) 0 (-)-sparteine Li O
R7O07ONR,  THF, -78°C  R7+°07 "NR,
1

t-BuLi Li
A oMe ———
THF, -65 °C /I\OMe

2

b)

t-BuLi

¢ _~_OPh 0PN
THF, -78 °C Li
3
s-BulLi, (-)-sparteine
o TMSCI o)
d) /\ AN
R THF, -78 °C R T™S

Scheme 1.2. Examples of metalation a to oxygen-containing functional groups.

Compared to oxygen, the lone pair of a nitrogen atom destabilizes any
adjacent C-Li bond as consequence of a major antibonding interaction. For this
reason, the direct deprotonation a to nitrogen is usually impossible with commercial
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organolithiums unless the nitrogen lone pair is involved in conjugation with a
carbonyl group or delocalized around an aromatic ring. The conjugation with a
carbonyl group not only makes the nitrogen-containing functional group more
electron-withdrawing, but also provides a new electron-rich oxygen atom that is
able to stabilize the lithium atom by coordination (Figure 1.3).% 2° For this reason,
the amide functionality is one of the most important directing group in metalation
chemistry, and its use as starting material is mostly exploited in the directed ortho-
metalation of aromatic rings (see the next section).

o L A

Li
S il o
R\N)\Jf‘ R 'Tl)\ﬁ:‘ - R)\\'\Il)\_‘f‘
R R R
destabilising effect stabilising effect

Figure 1.3. Destabilizing C-Li - N antibonding interaction and stabilizing coordination effect
in the a-lithiation of carboxamides.

Example of a-lithiation of carboxamides are less common and required
hindered and enolisable carboxamides (especially cyclic amides) in addition to a
careful control of the reaction conditions to overcome all the possible side reactions.
The synthetic impact of this strategy has been clearly illustrated in the metalation
of hindered piperidines 5, in which the selectivity is driven by the repulsion between
C-Li and the n-system of the amide (Scheme 1.3, a),?° in the metalation of benzylic
amides 6, 7 with lithium amides to prevent nucleophilic substitution mechanisms
(Scheme 1.3, b)*® and in the metalation of M-protected lactams 8 (Scheme 1.3, ¢).3!

Ph . Ph PhOH
a) INZT >Bu [NZZ | Pheto LN
t'B”/ﬁo THF, -78 °C t'B“/ﬁo THF, -78 °C "B”/ﬁo Fh

O Li

) S W

Ph N Ph - > Ph N Ph

‘\ THF, -78 °C ‘\ .
Ph Ph n-BulLi
b) 6 c) N _ N

THF, -78 °C o)
— © P

i LDA (2 eq.) Lio...j_i Li
o~ R < 8
PR™ N Ph giglyme, -78°c Ph” N” “Ph

7

Scheme 1.3. Examples of a lithiation of amides: a) metalation of hindered piperidines 5;
b) metalation of benzylic amides 6, 7 with LDA; ¢) metalation of A~benzylic lactam 8.
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a-Metalation of sulfoxides, sulfones and organic phosphates is one of most
used technique to generate the corresponding ylides, very important carbon
nucleophiles used in the well-known Corey-Chaykowsky and Wittig synthesis.3? On
the other hand, the metalation of thioanisole requires 7-BuLi and DABCO in THF at
0 °C to be effective.® 33 In fact, the sulphur atom can increase the acidity of the a
proton only by 5-10 pKa, units by an hyperconjugation effect due to the high
polarizability of this atom. This strategy is used in presence of other stabilization
factors such as other sulphur atoms in dithiane compounds,** allyl, pyridyl and
imidazolyl sulfides.?

1.2.2 Directed ortho-metalation

The directed ortho-metalation (DoM) is the metalation of an aromatic ring in
the ortho position of a heteroatom-containing functional group (direct metalation
group, DMG) through the formation of an intermediate aryllithium species able to
react with different electrophiles. Nowadays the DoM strategy represents the
principal means of making regiospecifically substituted aromatic rings.3®

DoM involves the deprotonation of a substituted aromatic ring by an
alkyllithium (LDA is effective only for more electron-deficient aromatic ring).% 3°
Given that benzene is some of ten orders of magnitude more acidic than butane,
thermodynamics pose no barrier to the removal of any protons by 7-BuLi. However,
the kinetic of the metalation is very slow and hampers its wide usefulness.3¢ This
problem can be easily overcome by the employment of disaggregating agents, such
as THF and TMEDA, that lower the aggregation rate of n7BuLi hexamers thus
allowing the reaction to proceed faster. For this reason, mechanistically, the first
step of DoM is the pre-complexation of the alkyllithium by a coordinating site
(typically a heteroatom) of the substrate 9, whose effect is an increase of both
reactivity and regioselectivity (Scheme 1.4 a).3> For example, metalation of a
benzylic amine is faster than benzene, under the same reaction conditions, owing
to the capacity of amino group to activate organolithium by coordination.?”
Complexes between nBuLi and anisole,® 3 1,2-dimethoxybenzene and N,
dimethylaniline*® were detected by NMR and predicted by theoretical calculations.
The metalation of anisole 10, shown in Scheme 1.4 b, is considered a prototype of
DoM: anisole 10 deaggregates the r7-BulLi hexamers to form a tetrameric 7-BulLi-
anisole complex 11, andh subsequent addition of TMEDA displaces the anisole from
the tetramer giving a (/+BuLi),(TMEDA), dimer 12 which represent the real
metalating agent.

11



a
) ©/DMG ©/DMG “(RLi), C[DMG C[DMG
E
9

Ph OMe

b)
Mo B (n-BuLi)s 0 TMEDA @%L“NMGZ QMe
(n-BuLi)g L|’ — i

/*L'\o

Li

i .
Me,N™"NMe, Et,0,0°C
_/

10 1 12

Scheme 1.4. DoM mechanism. a) General metalation sequence of arenes containing a
directing group 9: complexation, deprotonation, electrophilic quenching; b) DoM of anisole
10 and relative intermediate species 11, 12.

When the coordination with the heteroatom is hampered by electronic or
geometric factors (e.g. in the metalation of fluorobenzene) the acidity of the ortho-
proton is the only factor that influences the regioselectivity of the transformation.
In all other cases, the regioselectivity is ruled both by electronic and geometric
factors. This behaviour can be rationalized with the analysis of the metalation of 1-
substituted naphthalene 13, which could occur either in the peri position (favoured
only by coordination) or in the ortho position (favoured both by coordination and
acidity). The results of this comparative study, summarized in Table 1.4, showed
that inductive effect becomes predominant with strong electron-withdrawing groups
such as carbamates, carboxamides and MOM-protected phenols; on the other hand,
in the presence of weak directors such as amino-contain functionalities the lithiation
is driven by the coordination.®

Table 1.4. Ortho vs peri lithiation of 1-substituted naphthalene 13.

Li---DMG GMD.

peri-lithiation ortho-lithiation

- peri proton not acidified by l E* l E*
DMG, but close to RLi

. E DMG DMG
- ortho proton may be acidified E
by DMG, and also close to RLi OO

+
14 15

12



o 14, yield 15, yield
+ ! !
DMG Conditions E % %
CH:NMe; ~ /MBull E;i)og,c” hexane PhCO 58 0
NH, n-Buli (3 eq.), Et0, O, 20 0
reflux

NMe2 n-Buli, Et20, 20 °C DMF 76 0
OMOM n-Buli, TMEEA, THF -78 RCHO 0 73
OCONR, s-Buli, TME[():A, THF -78 Mel 0 90
CONR, s-Buli, TMEEA, THF -78 Mel 0 85

To summarise, DoM is a two steps reaction (complex-formation and
deprotonation) in which two features (rate and regioselectivity of the lithiation) are
controlled by two factors (coordination between the organolithium and a
heteroatom and acidity of the proton to be removed). The impact of these factors
could be different and strictly correlated with the reaction conditions. For these

reasons the choice of the directing group (DMG) is often crucial.

The best

performing DMGs have an “amphoteric” nature: they contain a basic heteroatom,
that is able to coordinate the organolithium reagent, and at the same time, they are
strongly electron-withdrawing groups capable to increase the acidity of the adjacent
proton by inductive effect.3? Chart 1 shows the most important DMGs conventionally
used in organic synthesis and the general condition for their ortho-lithiation.

decreasing ability to direct ortho-lithiation

O-carbamate

E)

s

2 SO,t-Bu
S
tertiary amide sulfone
O NR
@ SOt-Bu

SN

z

secondary amide sulfoxide

oo .Me
MOM ether

N/ Ot-Bu

oxazoline @

N-carbamate

ether

NR,

aniline

oxethane

azetidine

halogen

trifluoromethyl

typical conditions for the lithiation: RLi in THF or Et,0
-78°C -78°C -50°C

-78°C

-20°C

0

°C

0

°C

>20°C J

Chart 1. Most important DMGs and typical condition required for their lithiations.
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The most powerful class of DMGs includes O-carbamates, tertiary amides
and oxazolines (the so called “N+QO"” class). One of the major drawbacks of C-
carbamates and tertiary amides is related to the competitive nucleophilic addition
(see next section) that can be avoided by using bulkier substituent on the nitrogen
atom. An example of this competition was observed in the metalation of A\
diethylbenzamide 16 reported by Hauser in 1973.%* The use of more nucleophilic 7+
BuLi lead to the formation of the corresponding ketone 17, that could be suppressed
employing s-BuLi. In absence of TMEDA the lithiation is slow and when the ortho-
lithiated species 18 is formed it reacts immediately with a second molecule of
starting material. On the contrary, in the presence of TMEDA the lithiation proceeds
faster, the starting material is immediately lithiated and could be trapped by an
electrophile leading the formation of desired ortho-functionalized amide 19
(Scheme 1.5).

(0] N(Et
o (Et)2
without TMEDA aryllithium 18
reacts with 16
more nucleophilic n-BuLi with TMEDA, lithiation is faster, 16 is
gives the corrisponding completely lithiated than reacts
ketone 17 cleanly with an electrophile
(0] (0] . Li---O E (0]
n-BulLi s-BulLi | E*
n-Bu =~ N(Et — N(Et - N(Et
(Et)2 (TMEDA) (Et), (Et)2
17 16 18 19

Scheme 1.5. Directed ortho-metalation of N, M-diethylbenzamide 16: base and additives
direct the reaction outcome.

On the other hand, nucleophile-resistant A, A-diisopropylbenzamides 20 are
elected substrate for this chemistry, and they are easily lithiated at low temperature
(-78 °C) using alkyllithiums in THF without TMEDA (Scheme 1.6 a).3> *>* Their
strong resistance to hydrolysis limits, however, their derivatization into other useful
functionalities, and represent the most important drawbacks of this class of strong
DMG. However, a crucial role in the clarification both of the nature of O-Li
coordination and in the geometrical factor ruling the ortho-lithiation was also
demonstrated by Clayden et a/. who isolated and characterized the ortho-lithiated
dimer 21, in which one lithium atom is more or less in the plane of the amide and
the other one in the plane of the aromatic ring. (Scheme 1.6 b).*
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Scheme 1.6. a) DoM of A, A-diisopropybenzamide 20 and b) X-Ray crystal structure of
ortho-lithiated N, M-diisopropybenzamide 21.

N, M-dimethyl amides are, on the contrary, too much sensitive to nucleophilic
attack, as a consequence they are rarely used and always at temperature below -
100 °C to limit competitive pathways.*® Another strategy used to overcome
nucleophilic addition involves the use of secondary amides 22. These are easily
ortho-lithiated with two equivalents of base and entails the formation of the
intermediate anion 23 that increases the acidity of the ortho-site, and prevents the
1,2 nucleophilic addition to the carbonyl by the second equivalent of the
organolithium (Scheme 1.7 a).* Aryl oxazolines 24, 26 show the same resistance
to the nucleophilic attack and can be easily lithiated with 7BuLi. Example of the
synthetic usefulness of these building blocks are reported in the preparations of
steroid precursors 25" (Scheme 1.7 b) and of lipoxygenase inhibitor AC-5-1 27
(Scheme 1.7 ¢).#

15



a) Me Li Me
NH L N (0] NH
© n-BuLi 07 n-BulLi s Ph,CO Ph OH
THF, reflux THF, 0°C  Ph
22 23
b)
Me  Me Me Me Me Me Me
¥ Me# x x
O__N N« O O__N 1) n-BuL O__N
n-buLi
4 n-BuLi N Me;SiCl 7 2; Mel 7
— L ———  Me;Si ———  Me;Si Me
Et,0, 0 °C Et;0,0°C Et,0, 0 °C
OMe OMe OMe OMe
24 25
Me Me Me Me Me Me

CHO R
0/

n-BulLi O N Me — / Me
é\ é: )
EtzO 0°C EtZO 0°C OMe
OMe OMe
oM

27

Z

Scheme 1.7. Application of a) secondary amides 22 and b) oxazolines 24, 26 as directing
group in the DoM.

Strictly related to the chemistry of tertiary amides, tertiary O-arylcarbamates
are considered one of the strongest DMGs. Their application in DoM was reported
by Snieckus et al. in their pioneering study.3> O-arylcarbamates are easily metalated
at low temperature using alkyllithiums, however, because of the intrinsic instability
of the corresponding ortho-lithiated species that undergo a thermal Fries
rearrangement under thermodynamic conditions,*® the control of the temperature
is crucial to obtain the desired ortho-functionalized products. The detailed analysis
of O-arylcarbamate both in DoM and in the synthesis of salicylamide derivatives via
anionic ortho-Fries rearrangement will be discussed in the next section.

Within “S+0” groups, tertiary 28°' and secondary 29°2 sulfonamides
(Scheme 1.8 a) are among the most powerful ortho-directing groups known. This
class does not suffer of nucleophilic attack at sulphur, and A-£butyl sulfonamides
29 have proven to be synthetically useful since they can be easily hydrolyzed by
polyphosphoric acid (Scheme 1.8 b).>? Sulfones 30°% >* and sulfoxides 31, 32° are
also powerful ortho-directors by strong oxygen coordinative effect, but they are less
useful due to the SO nucleophilic sensitivity (in sulfoxides) and competitive of a-
lithiation (for these reasons tert-butyl derivatives are preferably used, see Scheme
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1.8 ¢,d). On the contrary sulfides are weak ortho-directors and suffer of some side
reaction such as the previous mentioned a-sulfur lithiation®* and isomerization.

Among the class of the weaker ortho-directing groups, aryl ethers such as
benzoxepine 33 have a long history in this field, and detailed studies of the
mechanism of their lithiation were reported and previously discussed (see Scheme
1.4 b).3% 3° They are often used in combination with other directors or alone®® >’ in
the presence of strong disaggregating agents (e.g. TMEDA) (Scheme 1.8 e). MOM-
protected phenols 34 are the most used compounds of this class, where the
coordination of the C-Li is the crucial component of their directing effect (Scheme
1.8 f).

Li
_NHt-Bu [

SO,NMe, SO,NMe, 0,8 n-BuLi 0,5~ NFBU
n-BuLi Li b 2
a) - . ) THF, from  Li
THF, 0°C 0°Ctort.
SOt-Bu SOt-Bu
n-BuLi ’
Li
THF, -78 °C
SO,t-Bu SO,t-Bu
n-BuLi Li 31
° THF, 78 °C. ?
T SOt-Bu SOt-Bu
LDA L
N N —_— ! N N
30 \ THF, -78 °C \
= =
32
S N
nBulil L Q" OMe, BuLi Q" QMe
0 TMEDA o TMEDA Li
e) f)
Hexane THF, 25 °C
25°C
OMe OMe
33 34

Scheme 1.8. Application of further DMGs: a) tertiary sulfonamides 28; b) secondary V-t
butyl sulfonamides 29; c) sulfones 30; d) &butyl sulfoxides 31, 32; e) benzoxepines 33;
f) MOM-protected phenols 34.

1.2.3 Lateral-lithiation

In strong relationship with the DoM strategy, the lateral lithiation (LL) of
benzylic alkyl groups promoted by DMGs represents a valuable tool for the
regioselective functionalization of substituted toluenes. Both the ability to coordinate
and to acidify are important in a lateral directing group, and most of the classes of
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functional groups which promote DoM are also able to promote LL. However, it is
important to underline that in DoM processes the DMGs must operate by inductive
effect since the C-Li bond lies in the same plane of the aromatic ring. On the contrary
for LL, the benzylic C-Li bond means that acidifying group work best by conjugation.
For this reason, lateral lithiated species have greater thermodynamic stabilization
than their ortho-lithiated analogues (Figure 1.4).6

Factors favoring ortholitiation Factors favoring lateral lithiation

Li
S
x  coordination Z/ Coordination

inductive electron

withdrawal Conjugation

Figure 1.4. Chemical factors for C-Li stabilization in DoM and LL.

Due to the obvious competition with the ortho-deprotonation process
resulting from the presence of similar DMGs, LL often suffers of cumbersome
regioselectivity issues. Hence, of particular interest is the development of synthetic
methods for the selective benzylic metalation of alkyl substituted aromatic
compounds minimizing the competitive DoM pathway.>®2 For examples, N, M-
diethyl-2-methylbenzamides 35 are easily LL using LDA, that is basic enough to
promote the benzylic lithiation, or alkyllithiums in THF at -78 °C (Scheme 1.9 a)
without competition of less favored DoM. Using LDA, the benzylic functionalization
of the less hindered para position in 36 is achievable suggesting that conjugation is
the most important factor in the benzylic stabilization, while the coordination effect
is less important (Scheme 1.9 b).*
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& BRI i E( .
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e
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o} o Li
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LDA s-BuLi/TMEDA
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Li\/Q)L B2 " oec B2 ToiE 7sec (EV):
Me Me

36

Scheme 1.9. a) LL of N Mdiethyl-2-methylbezamide 35; b) lithiation of A, A-diethyl-4-
methylbenzamide 36 in which the base and temperature dictate the regioselectivity.

The same behavior was observed for the metalation of A, A-diethyl-4-
methylbenzenesulfonamide 37 reported by Snieckus et a/.%% Under kinetic conditions
at -78 °C, only the ortho-deuterated species was observed using 7-BuLi in THF and
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CDs0D as electrophile; when the reaction was carried out under thermodynamic
conditions (0 °C), only the lateral-deuterated product was regioselectively formed.
Quenching the reaction under thermodynamic conditions, an ortho-lateral
deuterated mixture enriched of the lateral deuterated species was formed during
time, as a consequence of a dynamic equilibrium between the two lithiated species.
The same benzylic product was also obtained using LDA under kinetics conditions.
The same behavior was observed for tertiary toluamide 38* and sulfonate 39.%
On other hand, the analogue secondary N-ethyl-4-methylbenzenesulfonamide 40
was ortho-lithiated using r-butyllithium under both kinetic and thermodynamic
conditions, while the lateral lithiation was only feasible using the less basic and more
hindered LDA under kinetics conditions. These experiments clearly showed that
different parameters (such as base, temperature, DMGs) can influence the
regioselectivity of this transformation (Figure 1.5).

0 0 0

\\ /7
n-BuLi Sney,  SRA N(Pr),
0°C
Me w

\_~Me w N
n-BuLi n-BulLi
-78°Cor0°C 78 °C
37 38
\\S’/ O\\S//O
n-BulLi “OEt LDA “NHEt
r.t. 0°C
\_~Me M N M
n-BuLi n-BuLi
0°C -78°Cor0°C
39 40

Figure 1.5. Regioselective para vs ortho functionalization.

In general, ortho and lateral lithiation strategies have been developed in
parallel since the starting materials for a DoM can be also employed for lateral
metalations. For this reason, the specific analysis of each single DMGs will not be
discussed in detail.

1.2.3 Anionic 1,3- and 1,4-Fries rearrangement

Among the wide number of functional groups which have been extensively
exploited as DMGs, the C-aryl carbamate moiety represents one of the strongest
DoM directors as shown in Chart 1. Aromatic carbamates are cleanly metalated at
their ortho-position at low temperatures, allowing synthetically useful
functionalizations upon electrophilic quench. In the preliminary studies reported by

19



Snieckus et al.,®° different Aralkyl carbamates were tested under classical kinetic
conditions in order to evaluate the effect of the M-substituent size on the reaction
rates. The results of this study are reported in Table 1.5.

Table 1.5. Comparative study of Malkyl substituents for the DoM of C-arylcarbamates 41a-

1) s-BulLi/
TMEDA

O. _NR, THF, -78 °C s Me o
e 2 O_NR, | O._NR; NR
O 2) Mel o o

-78°Ctort. o
41a-c 42a-c 43a-c 44a-c
Entry 41, R; Tf:g;’ " Time (min) “T;“;Iti':lzalze‘j Sﬂ'%:g';:
1 am 78 60 85 -
2 bE 78 60 80 -
3 ¢, Me -78 45 - 75
4  cMe 78 10 60 20
5 ¢, Me -90 10 90 -

In the presence of bulky groups in 41a and 41b, the corresponding ortho-
lithiated anions 42a and 42b are stable at low temperature and can be easily
trapped with different electrophiles in agreement with the synthetic importance of
the DoM process (Table 1.5 entry 1-2). On the contrary, N, A-dimethyl analogue 41c¢
affords only the corresponding salicylamide 44c resulting from an internal
carbamoyl transfer (Table 1.5, entry 3). To maximise the recovery of the ortho-
functionalized product 43c, lower temperature and shorter reaction times are
required (Table 1.5, entry 4-5).

Independently to the nature of A~substituents, in the absence of an external
electrophile the aryl anion generated from a C-arylcarbamate undergoes a rapid
intramolecular carbamoyl transfer upon slow warming to room temperature, leading
to the formation of functionalized salicylamides which can be further subjected to
DoM chemistry manipulations. This process, widely known as anionic ortho-Fries or
Snieckus-Fries rearrangement (AoF), has been extensively investigated by Snieckus
et al®® and it is considered the anionic version of the well-known Lewis acid (AICls)
promoted cationic/radical 1,3-O shift of aryl esters at high temperature discovered
by Fries in 1908.%” Nevertheless, the high yields, the increased regioselectivity and
smoother reaction conditions compared to the metal-catalysed version has made
the AdF the first choice for the synthesis of salicylamides derivatives.
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The kinetics of the Fries rearrangement can be controlled by the donor
proprieties of solvent and additives, which both affect the formation of different
aggregates of the lithiated species. As previously mentioned, in the absence of other
functionalities on the aromatic ring, N, M-dimethylcarbamates undergo a rapid
intramolecular acyl transfer, affording insight only into the slow (rate-limiting) ortho
lithiation step. On the opposite, aryl carbamates such as 45 bearing activating meta-
substituents (-OCH3 or -F) and bulky carbamoyl groups rapidly form a relatively
stable intermediate aryllithium 46, allowing a deep kinetic and spectroscopic (NMR)
investigation of the rearrangement step (Scheme 1.10).

o] o]
0N M OH O
LPA ¢ NED i Solvent k
R Li JE— N(Et)z olven
[ j -15°C
OMe
THF 5
OMe
THF/HMPA 7700
BuOMe 90
N(E NEY DME EN)
t)2
O—<O ,pr o—\< TMCDA 12
L' LUN(iPr), ? TMEDA
,N /Pr |_| 12
Me,NEt 2
47 49

Scheme 1.10. Structures detected by NMR studies in the LDA-mediated AoF rearrangement
of 45.

The aggregation rate depends on the concentration and the coordinating
ability of the additives used. At low concentrations or in the presence of weak
solvating additives, di-lithiated 47 or tri-lithiated 48 aggregates are predominant,
with consequent lower reaction rates. On the contrary, the employment of strong
coordinating agents, such as HMPA, leads to the formation of the mono-lithiated 49
and faster reaction rate. At high concentrations more complicated oligomers could
also form.58

A further confirm that the AoF migration involves the fast formation of an
ortho-lithiated species was given by Yoshida et a/. with room temperature flow-
experiments exploiting the high control of the residence time.® The recovery of the
non-rearranged product 50 was possible only at very short residence time, while
the increase of the residence time under these reaction conditions led to the
formation of a phenate anion through an AoF mechanism, which was easily trapped
with electrophiles leading the recovery of 51 (Scheme 1.11).
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Scheme 1.11. AoF experiments under flow conditions.

The homologous version of the AoF was also developed by Snieckus et al.
based on the previously discussed lateral lithiation of substituted toluenes.”® LDA
was able to promote the lateral lithiation of o-tolyl carbamate 52 at low
temperature, and warming the reaction at room temperature an intramolecular 1,4-
carbamoyl migration lead to the corresponding benzyl amide 53. When s-BuLi was
used in the presence of TMEDA, a 2:1 mixture of 1,3- and 1,4- migration products
was isolated, confirming the full regioselectivity of LDA as metalating agent for the
lateral lithiation reaction (Scheme 1.12).%°

Li O _N(Et)
O _N(Et), s-BuLiTMEDA ' Y
\ﬂ/ T O\H/N(Et)z + o
M o THF, -78 °C
e (0]
Me Li
52
LDA, THF
-78 °C to r.t. 1.rt.
2. HCI 1M
reflux
OHo HCI 1M reflux o)
(¢}
N(Et),
53

Scheme 1.12. Homologous Fries rearrangement of o-tolyl carbamate 52.

Further mechanistic insights for the remote Fries rearrangement were given
by Yoshida et al. (Scheme 1.13),”! using carbamate derivatives 54a-d with an
enhanced O-arene distance due to the presence of additional methylene units on
the O-benzylic position. It is important to underline that in this case the metalation
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step was promoted by halogen-metal exchange, at low temperatures, to direct the
metalation only at the ortho position. In the absence of the iodine atom on the
aromatic ring, the lithiation occurs selectively at the position a- to the carbamate
oxygen (see Scheme 1.2 a).
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NEY -, ((Tn O
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54b,1 1,4 10 0 97 N(Et),
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0O o)
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NR, _ o ,
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Scheme 1.13. Chain-length dependent 1,X Fries rearrangement and ring-size dependent
intermediate stability.

These results were rationalized considering the different size of the
intermediate ring formed during the course of the reaction. For 54b and 54c¢ (n =
1, 2), stable 5- and 6-membered cyclic intermediates are involved, which result in
a rapid migration process and hence gave virtually quantitative yields of the Fries
products 56b and 56c¢ after 1 minute. However, for 54d (n = 3) the 7-membered
intermediate is less favoured, giving a mixture of products after 10 min. The 1,3-
shift, that occurs using O-phenyl carbamate 54a (n = 0), is even slower and gave
exclusively the ortho-factionalized 55a at low temperature.”! This experiment
further confirmed that the AodF involves the formation of a cyclic intermediate by
the internal attack of the C-Li to the electrophilic C=0 of the carbamate moiety.
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The AoF was also extended to other acyl-containing functional groups such
as carbonates, esters, carbazoles and tetrazoles, anyway the lithiation must be
performed by lithium-halogen exchange as a consequence of the lower directing
ability of these functional groups.’? Finally, the scope of the AdF reaction has been
also extended to the anionic sila-, thia- and phospho-Fries rearrangements
according to the nature of the new carbon-heteroatom bond formed.>® A recent
advance in the research of new DMGs and an example of the recent application of
this chemistry for the synthesis of different aromatic structures was outlined by
Snieckus et al, using the tetraethylphosphorodiamidate 57 directing group.® 73
Starting from the same substate, using the previously discussed methodologies
under various reaction conditions, a wide variety of products are obtainable using
this peculiar P-containing directing group (Scheme 1.14).
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Scheme 1.14. DoM, LL, phospho-AoF  and homo-phospho-Fries  of
tetraethylphosphorodiamidate 57 directing group.

1.3 Nucleophilic reactivity of organolithiums: synthesis of ketones
from amides

Organolithiums are involved in a wide number of nucleophilic reactions in
organic synthesis such as addition, substitution and carbolithiation reactions in the
presence of a wide array of electrophilic platforms.3? Among these synthetically
useful transformations, the nucleophilic reactivity of organolithiums with carboxylic
acid amides still constitute an extremely important synthetic tool for the preparation
of carbonyl-containing compounds, and will be deeply covered in this paragraph. In
particular, the analysis of the nucleophilic reactivity of organolithiums will be
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delimited to the same substrates discussed in the previous paragraph, with the aim
of emphasize the control of the chemoselectivity.”* The reactivity of organolithium
reagents with other electrophiles will be discussed in the next chapter.

The leaving problem of the reactivity of amides with nucleophiles is the
amidic resonance involving N, C and O atoms. This effect could be interpreted as a
result of the delocalization of two 7 electron pairs, one from the oxygen atom and
one from the nitrogen (sp? hybridization, Figure 1.6). As chemical evidence of this
resonance, the frequencies of the amide CO stretching are lower than other carbonyl
compounds, and the corresponding 3C NMR spectra signals are moved upfield.
Chemical consequences are displayed by the planarity of their structures, the high
rotational barrier for £/Z isomerization, the low coordination capability of the
nitrogen atom and, most important for this discussion, the high stability and the
consequent limited reactivity towards nucleophiles, including organolithiums,
compared to other carboxylic compounds. Furthermore, their chemical inertness
could be also enhanced by the steric hindrance of the - substituents.”

0] O@ “~

3
R1JJ\N/R -~ R1J\\§)/R3 O C\g
R? R2 0

Figure 1.6. Amidic resonance.

The running problem of this chemistry consists in a mechanistic issue. It is
now well known, as firstly proposed by Claisen et al. in 1887, that the addition of
a nucleophile to a carboxylic acid derivative mechanistically proceeds through the
formation of a tetrahedral intermediate, in the so called addition-elimination
pathway.”® In this transformation the HOMO of the nucleophile interacts with the
n* LUMO of the carbonyl leading to the formation of a new ¢ bond in the tetrahedral
intermediate; in the second step, the interaction of an oxygen lone pair n with the
o* orbital of the C-X leads to a weakening of this bond and, finally, to the elimination
of the leaving group to give the new carbonyl compound. The latter has an intrinsic
reactivity toward nucleophiles and could undergo a further nucleophilic addition step
leading the formation of an overaddition byproduct (alcohol). This effect is prevalent
when amides 58 are used as electrophiles, since the initially formed ketone 60 is
more electrophilic of the starting amide and, as a consequence, more susceptible to
the nucleophilic addition of another molecule of nucleophile thus leading the
formation of a tertiary alcohol 61 (Scheme 1.15).
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Scheme 1.15. Mechanism of ketones 60 synthesis starting from amides 58 and the
problem of the formation of overaddition byproducts.

The strategies developed for the chemoselective synthesis of ketones by
direct 1,2-addition of organolithiums to amides mainly imply the increase of amide
electrophilicity and/or the formation of a stable tetrahedral intermediate. These
strategies can be rationalized according to: a) chemical modification of amide
functionality leading to stable tetrahedral intermediates; b) kinetic controlled
conditions using high electrophilic amides; c) electrophilic activation of amide via
iminium triflate intermediates (Scheme 1.16).
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Scheme 1.16. General strategies for the synthesis of ketones starting from amides and

organolithiums.
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1.3.1 Nucleophilic addition to simple amides

Despite the limitations discussed above, there are some examples of direct
1,2 addition of organolithium to simple amides, however generally associated with
limited applicability and scope, specific reaction conditions and low chemoselectivity
in the presence of other electrophilic functionalities.

The first example of organolithiums direct addition to N, A-dimethyl aliphatic
amides was reported by Evans et al. in 1956.”7 The extension of this methodology
to benzamides was reported by Olah et al. in 198478 using alkyllithiums in THF at
reflux. The synthetic importance of this reaction was elated by Boche et al. almost
fifty years later after Evans’ preliminary studies with the X-ray characterization of
the tetrahedral intermediate arising from the reaction between PhLi and AN, A-
dimethylbenzamide, giving the definitive demonstration that the mechanism of the
acyl nucleophilic substitution reaction involves the formation of a tetrahedral
intermediate.”® Subsequently, a generalization of this methodology was reported by
Scilly et al. with the chemoselective synthesis of ketones starting from different NV, W
dialkylamides in moderate to good yields depending of the nature of the amides.®
The addition of both Grignard and organolithiums to different B-aminotoluamides
was reported by Brown et al.: the employment of benzene at room temperature is
considered the key factors to suppress the competitive basic pathways.®! Pyrrolidine
amide derivatives were employed by Martin® and Seky et a/®® for the preparation
of B-hydroxyalkyl ketones and [-aminoalkyl ketones using EtLi and PhLi
respectively, at low temperatures. Finally, a recent advance of this chemistry has
been reported by Feringa et a/. with the synthesis of 4-aminoaryl ketones via a
tandem 1,2-nucleophilic addition of organolithium reagents to A, A~dialkylbenzamide
derivatives, followed by a Buchwald-Hartwig amination reaction in THF exploiting
the /n situ released lithium amide.?

1.3.2 Nucleophilic addition to Weinreb amides and N-acylpyrroles

Before the development of robust methodologies for the activation of the
amide bond, the structural modification of the amide functionality to enhance the
reactivity towards nucleophiles was the predominant strategy.

Starting from the preliminary report by Weinreb and Nahm in 1981,%> A+
methyl-A-methoxy amides (the so called Weinreb amides) represented for several
years the breakthrough for the chemoselective synthesis of ketones starting from
acyl derivatives with total suppression of the undesired tertiary alcohol. The
chemical factors for the success of this modified amides are: a) the constitutive
presence of the methoxy group which highly stabilizes the tetrahedral intermediate
formed upon the addition of the organolithium to the carbonyl carbon; b) the

27



formation of a five membered chelate by coordination of the alkoxide metal cation
and the methoxy group which provides excellent stability to the intermediate during
the whole process, thus resulting in its collapse to deliver the ketone only at the
end of the reaction upon acidic quenching (Scheme 1.16, top right); c) the methoxy
group increases the electrophilicity of the carbonyl carbon, thus making it more
prone to nucleophilic attack. The so obtained stabilized tetrahedral intermediate
accounts for the excellent levels of chemoselectivity for the selective formation of
ketones, thus suppressing overaddition phenomena also in the presence of excess
of nucleophiles, as observed with different acylating agents.8¢

Comprehensive literature reviews described the application of Weinreb
amides in organic synthesis, recently published by Aidhen et al.,?”: 8 while the
development of new Aralkoxy amides as building blocks for different synthetic
transformation has been mainly investigated by Chida and Sato.? *° Pace et al.
recently described the use of Weinreb amides as privileged acylating agents for
accessing a-substituted ketones by a-functionalized organolithiums homologation
reactions.® Expressly fascinating application reported the use of Weinreb amide 62
as acylating agents of enantiopure organolithiums 64 generated by enantioselective
a-lithiation of Hoppe carbamates 63 with sBuLi in combination with the chiral
ligand (-)-sparteine. The elected solvent for this transformation was CPME that
preserved the optical purity of the generated organolithium, and, since its high
hydrophobicity, allowed an extremely easy workup procedure, often limited to
simple recrystallization. Furthermore, the expensive chiral ligand (-)-sparteine can
be recovered by easy acid-base workup combined by fractional distillation (Scheme
1.17).%1
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Scheme 1.17. Weinreb amides as acylating agent of lithiated Hoppe carbamates 64:

sparteine for other
lithiation reactions

synthesis of optically pure a-oxy ketones 65 and recycling procedure.

Recently, a tandem 1,2 addition/cross-coupling sequence using two different
organolithiums and Weinreb amides 66 was elegantly described by Feringa et al.
(Scheme 1.18).%2 The possibility to developed cascade reactions, exploiting in this
case the modular organolithiums reactivity, is one of the most important goal in

organic chemistry limiting the purification steps and the production of waste.
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Scheme 1.18. Feringa one-pot 1,2 addition/Pd-catalysed cross-coupling with Weinreb
amides.

Another important class of modified amides are represented by M
acylpirroles 67, described for the first time by pioneering studies by Evans et al. in
2002.°® These peculiar structures were defined as ketone-like compounds as a
consequence of the nitrogen lone pair delocalization in the aromatic ring. The
aromatization of the nitrogen lone pair decreases the conjugation with the carbonyl
fragment thus increasing its electrophilic behaviour, and at the same time
deactivates the azotated moiety as leaving group. For these reasons, the
nucleophilic addition of an organometallic species leads to the formation of a stable
and isolable carbinol 68. Even the stability of this adduct can be attributed to the
pyrrole aromaticity, as the lack of an accessible lone pair prevents protonation of
the nitrogen atom and the decomposition to the carbonyl derivative. This can be
considered the first example of a stable and isolable tetrahedral intermediate. The
conversion of the carbinol 68 to the corresponding ketone was finally achieved by
basic treatment (Scheme 1.19). However, the choice of temperature and the
organometallic reagent is crucial to define the stability of O-metalated-67. By /in situ
IR spectroscopy investigations the authors observed that if organolithiums are used
for this protocol, the corresponding (+lithiated-67 is stable only below -30 °C.

RM T (°C) t(h) 68,yield %

" OH
- N . 81
Q EtZO @ 7 ®/R)\ Y MeMgCl -50 6

PhMgBr -50 10 80
MelLi -78 6 75
O-metalated-67
1) MeLi o
MeLi OLi Q 2) H H
N \7 Me e
Etzo Me \— collapse second
T>-30°C addition
O-lithiated-67

Scheme 1.19. Addition of organometallics to A~acylpyrroles 67: synthesis of carbinols 68
and stability towards organolithiums.
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Beyond the Evans carbinol, the inherent transient nature of the tetrahedral
intermediates implies severe difficulties in their isolation and spectroscopic
investigations. To this purpose, Pace et al. recently proposed an elegant
derivatization of these species exploiting the highly oxophilic TMS-imidazole
(ImTMS) trapping agent (Scheme 1.20).%

1) LICHXY Y } 1) LICHXY

Y
0 THF, -78 °C, 1h X 0 THF, -78 °C, 1h
: . ™ ‘ : .
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N/OMe OMe D Q
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Scheme 1.20. O-TMS protected hemiaminals 69, 70 from Weinreb amides 62 and M
acylpyrroles 67 and lithium carbenoids as nucleophilic agents.

Pivotal for the successful isolation and characterization of the O-TMS
hemiaminals 69, 70 were a) the choice of a trapping agent with a remarkable
oxophilicity and at same time providing the sufficient stability to avoid the undesired
elimination of the nitrogen moiety; b) chromatographic purification on deactivated
alumina; c) the use of C¢Ds as deuterated solvent for NMR characterization. The
potential and the preserved chemical integrity of 69, 70 were tested in a Feringa
organolithium cross-coupling®® and on the one step formation of an q,B-
epoxyketone. Nevertheless, the scope of this transformation was limited to only
mono- and dihalo lithium carbenoids as nucleophilic partner.

The discovery of stable tetrahedral intermediates by amide modification
boosted the research toward the development of new synthons for the preparation
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of unsymmetrical ketones by controlled double addition of organolithiums (Figure

1_7)_96, 97, 98, 99

O. 0. _0O. M |

Me” I}IJ\I}I Me Me I}IJ\I}I e Me/O‘NJJ\O X
Me Me Me Me |\I/|e

71 72 73

X i
Me/o\l}l N@ Me/o‘r}lJ\\\N
= Me

Me
74 75

Figure 1.7. Carbonyl dication synthetic equivalents for the preparation of unsymmetrical
ketones.

In particular, the N, G-dimethylhydroxylamine pyrrole 74 (CLamP) developed
by Sarpong et a/.*® combined the properties of Weinreb amides and M-acylpyrroles,
thus allowing the facile one-pot synthesis of unsymmetrical ketones 78. This
carbonyl bis-electrophile reacts rapidly with different organometallic reagents to
generate a semipersistent tetrahedral intermediate 76 at -78 °C, and thus allows
the selective monoaddition of the first nucleophile. Upon warming to ambient
temperature, the putative intermediate readily collapses to exclusively generate a
Weinreb amide 62 /n situ, since the major nucleofugacity of pyrrole 77, which can
react in turn with a suite of organometallic nucleophiles to insert the second carbon
ligand and generating asymmetric ketones 78 (Scheme 1.21).

stable for almost H

5h at-78 °C N isolable
R1L| / ‘O’ 77 R2|_|

O, 7 o

JON o.
¢ N)LN Me >rN\Me _L' R1)LN Me R)LR
= e THE @ R THF, rt Me THF, -78 °C ! 2
rete = then H*
74 76 62 78

Scheme 1.21. Synthesis of asymmetric ketones 78 using CLamP 74 as carbonyl dication
synthetic equivalent.

1.3.3  Nucleophilic addition to twisted amides

As previously discussed, the major account for the chemical inertness of the
amide functional group is attributed to the amide resonance. In this context, the
implementation of a steric distortion around the amide bond lowers the planarity of
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the system due to the less pronounced amidic resonance, with a consequent
increase of the amide reactivity. Preliminary investigations by Aubé et a/.'%% 1%t on
the reactivity of bicyclic 79 and tricyclic bridged lactams 81 with various
nucleophiles (including organolithiums) showed that distorted amide bonds increase
the electrophilicity of the carbonyls which display a reactivity profile analogous to
ketones. The results of the addition of organometallics can vary from collapsed
amino ketones such as 80 and 83 to stable tetrahedral intermediates (such as
hemiaminals 82). Indeed, addition to bicyclic 79 and tricyclic lactams 81 provided
the corresponding amino ketones 80 and 83 respectively with a steric impediment
for the overaddition (Scheme 1.22).

i 0
N Ph RLi NH Ph
Et,0, -78 °C RLi = MeLi, n-BuLi,
: Bu Bu s-Buli, t-BulLi
79 80

81 82 83
favored when favored when
R, = Me, s-BulLi R, = t-BuLi

Scheme 1.22. Addition of organolithiums to bicyclic 79 and tricyclic lactams 81.

Despite this limited application, monumental advances in this field have been
achieved by Szostak et a/, and nowadays the major synthetical importance of this
class of non-planar amides relies in metal catalysed cross-coupling methodologies
via C-N bond cleavage.!% 1% The same research group also reported the possibility
to use M-acylazetidines 84 as an alternative to the most common Weinreb amides
for direct acylation reactions relying on pyramidalization as reactivity-controlling
strategy (Scheme 1.23).1% The peculiar geometrical proprieties of this substrate
are: a) half pyramidalization of the amide bonds allows enhanced N—-C(O) reactivity
due to diminished amidic resonance, b) the large ring strain in a four-membered
ring and high barrier for nitrogen inversion (90° angle) decreases the aptitude for
collapse of the tetrahedral intermediate 85.
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Scheme 1.23. 1,2-Addition of organolithiums to A+acylazetidines 84: synthesis of ketones
86 via pyramidalization control strategy.

The method presented wide substate scope and total chemoselectivity for
the ketone formation. The synthesis of different ketones 86 using alkyl, alkynyl and
(hetero)aryllithiums, starting from both aliphatic and aromatic scaffold bearing both
electron donating and electron withdrawing substituents, was reported with good
yields. Studies of the stability of 85 were conducted employing a large excess of
organolithium and performing the reaction at high temperature with, however, high
level of selectivity. Finally, an intermolecular competitive experiment demonstrated
the higher reactivity of Aracylazetidines 84 than Weinreb amides, showing that
nucleophilic addition is kinetically favoured to the A-pyramidalized amide bond.

1.3.4 Nucleophilic addition to amides with N-EWG substituents

The easiest method to twist the amide bond relies on the incorporation of
the amide function into a rigid cyclic system. However, the synthesis of polycyclic
lactams is challenging (due to the severe decrease of the amidic resonance),
applications are limited and cannot be adapted to readily available acyclic amides.
On the other hand, the presence of easily introducible/removable EWG on the
amidic nitrogen considerably enhances the electrophilic character of the carbonyl
group, with important structural and reactivity consequences. The first examples of
this second class of twisted amides include cyclic amine derivatives such as M
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tetramethylpiperidine (TMP), Atglutarimide or Afsuccinimide!® 195 that, however,
could suffer of susceptibility to hydrolysis. Recently, Szostak et a/. proposed the use
of amides MEWG; (EWG = Boc, Ts, COOEt) as a hew generation of twisted acyclic
amides.'® These systems could be easily and reversibly prepared from common
primary amides with high level of distortion triggered by the strongly electron
withdrawing effect of the nitrogen substituents. Furthermore, a major stability to
the hydrolysis compared to the aforementioned bridged lactams was observed. For
these reasons, these particular electrophilic amides are an exceptional platform for
transition metal- and, more interesting, transition metal-free transformations viathe
notorious complicated C-N cleavage using simple, scalable an mild conditions in the
presence of the selected nucleophiles (Scheme 1.24).10¢

0}

(0}
.R’
S S
R"
ketones amides
(0]
3
R11~§N’R
R2
amide twisting
1 it
_R' _R'
R" S0 R s
esters thioesters

Scheme 1.24. Transition-metal free transformations of twisted amides via direct
nucleophilic addition.

A recent application to the synthesis of aryl ketones via direct nucleophilic
addition of turbo-Grignard compounds!?” was recently documented by Szostak et
al. (Scheme 1.25).1% In this report, the key step to obtain ketones with complete
chemoselectivity was the extremely fast addition to the electrophilic A, A-Boc;-
benzamide 87, which is faster than the collapse of the tetrahedral intermediate.
Therefore, using a low sub-stoichiometric amount of organometallic reagents, aryl
ketones 88 were recovered as the sole products, while an excess of nucleophilic
partner led to tertiary alcohols. Considering that a fast addition is crucial to obtain
the desired chemoselectivity, the organometallic addition must be fast and the
control of temperature was essential (below -20 °C the nucleophilic addition was
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extremely slow leading to low conversions, while at room temperature the increased
instability of the tetrahedral intermediate led to the formation of a considerable
amount of tertiary alcohol). Under the optimized reaction conditions, N,M-Boc;
benzamides 87 have proven to be more reactive than the classical Weinreb amides
and even acyl chlorides. However, the methodology is not compatible with alkyl
Grignard and organolithiums: using an aryllithium as nucleophilic partner led to the
formation of tertiary alcohol as unique product. In any case, this represented the
first synthesis of ketones via ultrafast addition of an organometallics to an
electrophilic amide via transient tetrahedral intermediate.

1)

X
)
C Ky >> k

xMgo 2°¢ LA

0 iPrMgCl, LiCl N—Boc 0
N,BOC THF, -20 °C Q
T T e Q - O O R
Boc -20 °C tor.t.

87 Ky ks 88

Scheme 1.25. Direct nucleophilic addition of turbo-Grignards to electrophilic amides 87 via
transient tetrahedral intermediates.

1.3.5 Nucleophilic addition to activated amides

A conceptually distinct approach aimed at increase the reactivity of amides
involves their pre-activation with a strong electrophilic agent such as triflic anhydride
Tf,0.74 19 The reaction of an amide and Tf,0 in the presence of a base generates
a highly electrophilic iminium triflate. In 2001 Charette et a/.!'° performed an elegant
spectroscopic investigation that allowed identification of the intermediates formed
in the reaction of different amides with Tf,O and pyridine. They elucidated the
structures of the triflating reagent (A~(trifluoromethylsulfonyl)pyridinium triflate)
involved in such reactions and the most important intermediates formed under the
reaction conditions. As reported in Scheme 1.26, secondary amides react with I to
give the Otrifliminium triflate II, which reacts with pyridine yielding pyridinium
intermediate III. The latter step can alternatively proceed through the elimination
of the triflate anion from IV with formation of the nitrilium ion V. Tertiary amides
lacking enolisable protons follow an analogous activation pathway yielding
pyridinium triflate VII, although the process requires longer reaction times to reach
completion. Conversely, in the case of enolisable amides two different routes could
lead to pyridinium intermediates IX and XI. The first route involves the expulsion
of TfOH by deprotonation to give keteneiminium triflate X, which could further react
with excess pyridine providing XI. Alternatively, the sequential addition of pyridine
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and expulsion of triflate anion could afford intermediate IX. Finally, proton removal
could form XI (Scheme 1.26).
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Scheme 1.26. Pyridinium intermediates generated from amide upon activation with
Tf20/pyridine.
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Different research groups combined this strategical activation of amides with
different nucleophilic partners thus allowing the synthesis of different classes of
products including: amines by reduction with Hantzsch ester!!! or NaBH4,!'? imines
or aldehydes by reduction with triethylsilane (EtsSiH),!!3 tertiary alkyl amide by
double nucleophilic addition of Grignard reagents,!* 1> tertiary alkyl amine by
single addition of organometallics followed by NaBH4 or LiAlH4 reduction,!t®
secondary alkyl amines by single addition of organoceriums followed by NaBHs
reduction.!!” These important findings have been exploited in the synthesis of
important intermediates required for the preparation of natural products and
biologically active compounds.!¥-1?! In general, these proposed protocols showed
great selectivity and impressive functional groups tolerance due to the selectivity of
the electrophilic activation and the reactivity of the iminium intermediate.

The development of iminium triflate intermediates chemistry provided the
foundation for the full chemoselective access to generic ketones starting from
secondary amides 89 with Grignard or organozinc reagents. Preactivation of the
amide with triflic anhydride allowed the fast and extremely chemoselective
nucleophilic addition of organometallics, and prevents the formation of overaddition
products by providing a stable intermediate ketimine 90, which release the desired
ketone 91 exclusively upon acid hydrolysis (Scheme 1.27).122 Nevertheless, the use
of organolithium in this methodology is limited because of their high intrinsic
reactivity.
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Scheme 1.27. Charette’s synthesis of ketones via Grignard or organozinc addition to
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CHAPTER 2: Deep Eutectic Solvents, CPME and 2-MeTHF:
sustainable reaction media for organolithiums chemistry

The growing awareness about the harmful impacts of industrial processes
on the environment and human health has laid the foundations for the creation of
new sustainable technologies. The reduction of wastes, the use of renewable raw
materials and the elimination of toxic or dangerous substances both in industrial
and in academic processes are key concepts for a green industrial revolution. In this
context, the Green Chemistry? 2 offers specific tools aimed at redesign all chemical
areas towards a better management of the dangers and risks associated with the
production and use of chemicals to obtain "benign by design' products, and to
reduce the amount of waste generated in production cycles for the development of
sustainable processes. The sustainability of a chemical process may be improved
from different points of view, among them the choice of the solvent certainly plays
a crucial role. This aspect is fundamental especially in organic synthesis, since the
solvent usually represents the great majority of the raw material employed in such
chemical processes.? Volatile organic compounds (VOCs) are the conventional
solvents used in most industrial processes as well as in academic research, but they
possess many drawbacks both from safety concerns (flammability, tendency to the
formation of explosive peroxides, high toxicity) and from an environmental point of
view, as they show accumulation in the atmosphere and poor or absent
biodegradability. Thus, the use of alternative solvents or green reaction conditions
in the development of new synthetic processes concurs to the goal of attaining
sustainability. For these reasons, new reaction media have been investigated with
a focus on biodegradable, recyclable, safe and low-cost alternatives, and remarkable
advances have been achieved by the use of water, supercritical fluids, neat
conditions and ionic liquids, among the others.*’

A new class of solvents has rapidly emerged at the beginning of the century
as a promising alternative to traditional VOCs, represented by Deep Eutectic
Solvents (DESs). As compared to traditional organic solvents, DESs are not volatile,
not toxic, not flammable, completely biodegradable and easy to handle and
synthesize. For these reasons, they have been recently employed in several
synthetic transformations like condensations, conjugated additions, cross-coupling
reactions, and multicomponent reactions often showing novel reactivity, selectivity
and efficacy compared to traditional VOCs.® ° On the other hand, cyclopentyl methyl
ether (CPME) and 2-methyltetrahydrofuran (2-MeTHF) have emerged as a feasible
sustainable alternative to common ethereal VOCs such as DEE, THF, dioxane, DME
and MTBE. Their exploitation as solvents for organolithium chemistry has been
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central both for the rethinking of known classic methodologies from a more
sustainable perspective and for the design of innovative synthetic protocols.!%-1?

In the present chapter an overview of the properties of DESs, CPME and 2-
MeTHF and a comprehensive overview of their applications for an unconventional
approach to organolithium chemistry will be provided.

2.1 Deep Eutectic Solvents (DESs): general features
2.1.1 Composition

Deep Eutectic Solvents are generally defined as mixtures of two or more
components in a specific molar ratio, where the melting point of the mixture is
significantly lower than those of the former components (caused by the formation
of an eutectic point), and are usually liquid at room temperature.® '3 DESs were
initially considered as a new class of ionic liquids (ILs), and they undoubtedly share
some proprieties with ILs, such as the negligible vapor pressure, high viscosities
and the possibility of tuning their properties by an appropriate molecular design.
However, this classification has been overcome and DESs and ILs should be
considered as two separate classes of solvents. Indeed, while ILs are molten salts
(single ionic compounds of one cation and one anion), DESs are mixtures of more
than one compound.*

The components constituting a DES are small organic molecules able to
interact through hydrogen bonding. In most cases the mixture is composed by a
Brgnsted or Lewis acid acting as hydrogen bond donor (HBD) and a Brgnsted or
Lewis base acting as hydrogen bond acceptor (HBA). The HBA is typically an ionic
halide salt, such as an ammonium or phosphonium salt. Choline chloride (ChCl), a
quaternary ammonium salt, is one of the most employed HBAs for the formation of
DESs, since it fulfils several sustainability principles due to its reduced costs, high
biodegradability, low toxicity and bioavailability (Figure 2.1). In the seminal work by
Abbott et a/. in 2003° the authors reported that mixing ChCl (mp 303 °C) with urea
as HBD (mp 134 °C) in 1:2 molar ratio®® resulted in the formation of a liquid with a
mp of 12 °C. Other common HBDs are short-chain polyols, such as glycerol or xylitol,
carboxylic acids, sugars and even water. Metal halides, such as ZnCl,, FeCls, CrCl3
and others, can also be combined with organic molecules to form DESs.® 13 17
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Figure 2.1. Examples of the most common DESs components: choline chloride as HBA and
some HBDs. A picture of the DES composed by ChCl (mp 303 °C) and malonic acid (mp 136
°C) in 1:1 molar ratio.

Hydrogen bonding interactions strongly characterize the nature of Deep
Eutectic Solvents. The significant lowering in the melting point of the mixture,
compared to its single components, has been attributed indeed to the formation of
a network of hydrogen bonds between the components.® ' More recently, the
concept of natural deep eutectic solvent (NaDES) has been proposed. In 2011
Verpoorte et al. observed that a small number of primary metabolites, such as
carboxylic acids, choline, sugars and some amino acids are found in unexpected
high amounts in a wide number of living organisms. The hypothesis advanced was
that these compounds could be the base to form eutectic mixtures that would serve
as reaction media for the biosynthesis of non-water-soluble molecules.'® Taking
inspiration from nature, several eutectic mixtures of bioderived compounds have
been prepared, studied and employed for different applications.?>?> The term
NaDES is thus generally intended to designate Deep Eutectic Solvents composed
only by naturally occurring compounds.

2.1.2 Green credentials

Deep Eutectic Solvents have emerged as an alternative to conventional
solvents and as an improvement in terms of sustainability, often in comparison with
ionic liquids. The first appealing difference between DESs and ILs is that the latter
are synthesised by chemical reactions, such as alkylation of imidazole for the
imidazolium-based ones. The synthetic steps imply the use of solvents and reagents,
mostly with high toxicity, for reaction, extraction and purification steps, and disposal
of the waste material (often non-biodegradable) is absolutely required.?* By

comparison, the preparation of a DES is much simpler and safer: the components
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are mixed and stirred under heating (often 60-100 °C) until a clear liquid is formed
and no further purification is generally required. The method is intrinsically 100%
atom economic. Alternatively, it is also possible to dissolve the components in water
and obtain the eutectic mixture by evaporation of water under reduced pressure.
The intrinsic high thermodynamic stability of DESs consequently facilitates their
storage without any precautions.

Among the reasons why Deep Eutectic Solvents are diffusely considered as
green solvents is their supposed low toxicity. Similarly to ILs, DESs display negligible
vapour pressure, resulting in a low risk for atmospheric pollution and low
flammability. On the other hand, a substantial difference is found in the intrinsic
safety of many DES components, which are often biocompatible, towards human
health. It should be noted that this does not necessarily imply a low toxicity of their
combination in the eutectic mixture. Nowadays, evaluations of DESs toxicity have
been performed on microorganisms, human cell lines, plants and mice, and the
preliminary results suggest that the initial assumption of DESs as “biocompatible
solvents” needs deeper investigations.?>?° Anyway, DESs appear to be safer than
conventional solvents and ionic liquids, in particular when their components are
essential ingredients of cellular metabolism.3% 3! Furthermore, applications of DESs
as media for drug solubilization and delivery have already been investigated.3? 33

In order to evaluate the sustainability of Deep Eutectic Solvents, their whole
lifecycle should be considered. In this context, NaDESs certainly constitute an
attractive option, since their components derive from potentially renewable sources
and often are biodegradable. Biodegradability is a relevant issue, as it reduces not
only the impact on human health and the environment, but also the costs for waste
disposal. Studies employing the closed bottle test, a standard method in which the
substrate is added to an aerobic aqueous medium inoculated with wastewater
microorganisms, indicated several DESs as “readily biodegradable”.?>’

2.1.3 Practical aspects

The physicochemical properties and the chemical behaviour of DESs
influence the laboratory practices that need to be adopted for the use of these
solvents.

The first relevant propriety for organic synthesis is viscosity. In analogy with
ionic liquids, DESs often exhibit high viscosities, as shown in Table 2.1. The typical
values are in the range of 101-103 cP; by comparison, dichloromethane (0.45 cP at
20 °C), toluene (0.59 cP), ethyl acetate (0.46 cP) and other common organic
solvents are much less viscous.
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Table 2.1 Viscosity of some DESs determined by NMR diffusion at 25 °C.3*

DES components Ratio Viscosity (cP)tl
ChCl Gly 1:2 259
Chdl ethylene glycol 1:2 37
ChdCl urea 1:2 750
Chdl malonic acid 1:1 1124

Bl cP =gs-1cm-1

The viscosity of DESs has been attributed to the hydrogen bonding network
that characterizes the melt. The chemical nature of the components is important
since their volume determines the availability of holes in the structure of the fluid,
which allow suitable motion.!3 3> 36 This parameter is significant for the application
of DESs in organic synthesis, because it dramatically influences the ability to ensure
proper mechanical stirring to the reaction mixture. The stirring may be crucial for
the outcome of the reaction, since the organic substrates are often not completely
soluble in the polar DES medium. However, it should be noted that the viscosity of
DESs may also be influenced both by the water content in the eutectic mixture and
additives eventually employed.3”: 38

When working with Deep Eutectic Solvents, a central aspect is represented
by the work-up procedure at the end of the reaction. From this point of view, this
class of solvents appears to be particularly appealing, because the components of
the DES are usually water-soluble. The addition of water disrupts the structure of
the eutectic mixture, and the components are dissolved into the aqueous layer
where the organic product of the reaction is often insoluble. Thus, under optimal
conditions a solid organic product can precipitate and can be collected by simple
filtration or, in case it is an oil, it forms a separate layer. This procedure not only
avoids the use of extraction solvents, but also enables the recycle of the DES.
Indeed, the removal of water restores the eutectic mixture, that can be used for
anthers reaction cycle, usually up to 3-5 consecutive runs. It should be noted that
other recycling procedures are also feasible: the product can be directly extracted
from the reaction mixture by washing with an organic solvent (such as DEE or CPME)
able to dissolve the product but not the DES components; alternatively, a classical
water/organic solvent extraction is always possible, followed by evaporation of the
aqueous layer to restore the DES.
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2.2 Cyclopentyl methyl ether (CPME): general features

Among the possible alternatives to VOCs, the research for new sustainable
organic solvents represents an important perspective as they feature physico-
chemical properties similar to VOCs, but with a reduced overall toxicological and
environmental impact.°

Typical ethereal solvents such as DEE, THF, DME, and dioxane have been
widely used in synthesis. However, their major drawbacks such as low boiling points,
high volatility, easy peroxide (PO) formation, and partial solubility in water often
lead to an inefficient recovery. To overcome these disadvantages, MTBE has been
proposed as an alternative. However, MTBE has some limitations related to its use,
such as general low solubility of organic compounds, instability under acidic
conditions, and low flash point. Cyclopentyl methyl ether (CPME) has proven to be
a more promising alternative to common VOCs as reaction media in organic
synthesis since it does not suffers of the drawbacks associated with the other
classical ethereal solvents.*® CPME is industrially produced via the 100% atom
economical addition of MeOH (employed both as reagent and solvent) to readily
available cyclopentene by Zeon Corporation (Scheme 2.1).12 The primary source for
CPME generation arises however from petrochemicals, but several biomass-based
routes have been explored for the generation of chemical precursors that may be
used for CPME production, such as cyclopentanone or cyclopentanol.* > Both
precursors can be synthesized from biomass-derived furfural thus creating a
potential biogenic pathway for CPME that could be developed in biorefinery in

future.
D+ owor —— Dron

M.W. 68.12 + 32.04 100.16

Scheme 2.1. Zeon production process of CPME.

As shown in Table 2.2, CPME is characterized by high boiling and low melting
points, low heat of vaporization and formation of a positive azeotrope with H,O.
These proprieties make CPME exploitable as a new reaction medium within a range
of temperatures. Additionally, its impressive hydrophobicity allows its use as an
extraction solvent by limiting the necessary quantities (sometimes eliminating the
washing process of the aqueous phase during the final work-up) and making it easy
to recover by simple anhydrification and distillation, particularly in industrial scale
applications. Furthermore, the possibility to easily obtain anhydrous CPME by simple
drying with molecular sieves, more efficiently compared with well-used anhydrous
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THF, gives the choice of CPME particularly attractive for organometallic chemistry
(Figure 2.2 a).
Table 2.2. Physical proprieties of CPME.1% 40

Boiling point (°C) 106
Melting point (°C) <-140
Density (20 ° C, g/mL) 0.86
Solubility in H20 (23 °C, g/100g) 1.1
Azeotropic boiling point with H.0 (°C) 83
Azeotropic composition (w/w%, CPME: H20) 83.7:16.3
Dielectric constant (25 °C, Debye) 4.76
Explosion range (vol%, lower limit, upper limit) 1.84-9.9
Latent heat of vaporization (kcal/kg, at the bp) 69.2
Ignition point (°C) 180
Flash point (°C) -1

Safety concerns for ethereal solvents are closely related to their explosive
nature which arises from the esaily peroxides (POs) generation. CPME shows a
particularly high resistance to POs formation, compared to other ethereal solvents
due to the high bond dissociation energy of the secondary a-CH bond (Figure 2.2
b). For further safety reasons, however, CPME is commercially supplied with about
50 ppm butylated hydroxytoluene (BHT) as a peroxide inhibitor, while the
commercially available THF contains 250 ppm BHT. The latter propriety combined
with its narrow explosion range makes CPME an ethereal solvent particularly safe
to be stored and handled.

1000
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_ 600 /El
:
= - 500
= = / —0—CPME()
g ) § 400 =&—THF (-)
N e SR e EI —0-PEQ)
< o C---ZZZZZZZZZ|-mTHF Z /3/ /"A —0—MTBE()
2 . B
E 200 /D/
100
. ot 3 |
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1] 5 10 15 20 Days )
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Figure 2.2. a) Drying by 4A-MS of CPME (compared to THF); b) peroxide formation for
common ethereal solvents. Imagines adapted from ref.4°
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In general, many ethers are susceptible to acidic conditions: MTBE is sensible
to a cleavage into alcohols; THF is also prone to ring opening followed by a facile
polymerization. On the other hand, CPME is relatively stable to acids in both
homogeneous and heterogeneous conditions.** Watanabe et a/* studied the
relative stability of CPME in presence of Brgnsted acids commonly employed in acid
catalysed reaction or during the classical quenching operation of base-mediated
transformations, such as camphorsulfonic acid, H.SO4 and HCI. In every case, CPME
showed an exceptional stability under acidic condition, also at high temperatures.

CPME is additionally extremely stable under strong basic conditions.*® This
parameter is fundamental to plan new organometallic reaction using unconventional
solvents. Half-lives of #BuLi in various ethereal solvents (THF, DEE, CPME) were
compared to ascertain the different stability under strong basic conditions. As
previously discussed, n-BuLi cannot be compatible with THF at high temperatures
because of the undesired deprotonation followed by ring opening.** On the contrary,
in CPME n-BuLi has sufficient half-life even at 40 °C (Figure 2.3) comparable to the
DEE solution. For this reason, CPME has emerged as a promising solvent for polar
organometallic chemistry.!?
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Figure 2.3. Half-lives of n-Buli in various ethereal solvents. Imagines adapted from ref.*

In general, no detailed studies are reported in the literature about the
toxicity of CPME. To the best of our knowledge, only Scott et a/. in 2011 in his
important study reported that, from a toxicological point of view, CPME has low
acute or subchronic toxicity, with moderate irritation and negative genotoxicity and
mutagenicity.*

2.3 2-MeTHF: general features

Analogously to CPME, 2-MeTHF is emerging in recent years as a valid
sustainable alternative to common aprotic solvents (THF and DEE above all) for
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organometallic-promoted reactions.!% 1! Its recent use as a reaction medium has
significantly increased in accordance with the growing demand for procedures in
line with sustainability principles of green chemistry.*

The most attractive feature of 2-MeTHF 1 (in comparison for example with
CPME) is its accessibility from renewable resources. It can be easily synthesized
either by a two-steps hydrogenation of biomass-derived furfural 2* via the
formation of 2-methylfuran as an intermediate, and from levulinic acid 3 with a
sequence of reduction-hydration steps, in which other interesting biomass-derived
products are produced, such as y-valerolactone 4 and 1,4-pentanediol 5.%
Moreover, 2-MeTHF has some intrinsic instability in the presence of air and sunlight,
so it can be abiotically degraded (Scheme 2.2).

— o —
OH
Me)J\/\H/
O
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Glucose (C6)
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/
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. . - (0]
sunlight and air decomposition
Renewable Me
Resources
1
(0] H, OH H,0 Me o
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Scheme 2.2, Conceptual cycle for production and degradation of 2-MeTHF 1 (up) and
synthesis of 2-MeTHF starting from levulinic acid 3.
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As shown in Table 2.3, the most important difference between 2-MeTHF and
its demethylated analogue THF is the water miscibility.*” The strong miscibility of
THF in water often causes some troubles during classical work-up procedures, and
the employment of other VOCs for the extraction process is mandatory. In the case
of 2-MeTHF, its high hydrophobicity allows easy work-up procedures avoiding
additional organic washes of the water phase. In analogy with DEE, 2-MeTHF is a
water-immiscible monodentate alkyl ether, however with a significantly minor
volatility and high boiling point (see Table 2.3). These properties, together with the
polarity and the intrinsic Lewis basicity (the available data place 2-MeTHF between
THF and DEE as Lewis base strength), make it suitable for pilot plant applications.
Unfortunately, in analogy to THF, the formation of peroxides cannot be avoided,
but the use of stabilizers can positively modulate this drawback.*’

Table 2.3. Physical proprieties of 2-MeTHF compared to THF.*

Proprieties 2-MeTHF THF
Boiling point (°C) 80 66
Melting point (°C) <-136 -108
Density (20 ° C, g/mL) 0.85 0.89
Viscosity (20 °C, cP) 0.60 0.55
Solubility in H20 (23 °C, g/100g) 14 soluble
Azeotropic boiling point with H.0 (°C) 71 64
Azeotrope composition (% water) 10.6 -
Dielectric constant (25 °C, Debye) 6.97 7.58
Latent heat of vaporization (kcal/kg, at the bp) 87.1 98.1
Flash point (°C) -11 -14.5

One of the most important propriety of an ethereal solvent which is required
for its application with organolithiums is the capability to disaggregate such species
increasing their reactivity. Furthermore, common solvents suffer of some tendency
to react themselves with organolithiums (see paragraph 1.1). It was observed that
the half-life of the 7-BuLi in 2-MeTHF at 35 °C is almost 13 times higher compared
with THF solution.** The principal pathway for decomposition of THF 6 by
alkyllithiums involves the initial a-lithiation to oxygen, followed by a reverse [3+2]
cycloaddition of the resulting anion 7 to yield one molecule of ethylene 9 and one
molecule of the lithium enolate of acetaldehyde 8 (Scheme 2.3, path a), in the so-
called a-cleavage. Especially in the presence of highly basic organolithiums-additive
mixture, such as £#BuLi/HMPA 6/1, an alternative pathway is possible, leading to the
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formation of but-3-en-1-oxide 10, via an alternative a-elimination (Scheme 2.3,
path b) or reverse 5-endo-trig cyclization (Scheme 2.3, path c).*® These mechanisms
were proved by trapping the THF-decomposed lithiated species.*

path a
RLi o) reverse [3+2]

Q_Li Zou  + F
0

Li 8 9
7 s

a-elimination
path b

PN @
=

o / 10

(j/\) 5-endo-trig

~H reverse cycloaddition
R-Li path ¢

Scheme 2.3. THF degradation pathways.

By contrast, the presence of a methyl group in 2-MeTHF 1 decreases the
polarity, and the a-cleavage is considerably suppressed (Scheme 2.4, top). In the
same way, the decomposition pathway via B-elimination, which involves the
abstraction of a B-proton from the external methyl group and entails the formation
of a very unstable primary carbanion 11, is partially reduced compared to THF
(Scheme 2.4, bottom).*

. reverse
Me RLi Me /¢ [3+2]

Me.__0 RLi PR / B—elimination .
path b D Li/\l/\c> — A0l
1

"

Scheme 2.4. 2-MeTHF 1 degradation pathways.

For these reasons, 2-MeTHF has already found wide use in organolithium-

promoted reactions, with notable advantages in both efficiency and sustainability.!®
11
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Finally, it is notorious that water-miscible cyclic ethers, such as THF, are not
stable under acidic aqueous conditions, being degraded by ring opening. Herein,
replacing THF with 2-MeTHF is advantageous due to the low miscibility with water
of 2-MeTHF. The biphasic system thus formed preserves the latter from the acidic
hydrolytic action. As a result, in 2 N HCI at 60 °C, THF degrades 9 times faster than
is methylated analogue.*

2.4 Reactivity of organolithium reagents under sustainable reaction
conditions

Owing to the pronounced polarity of the C-Li bond, the use of polar
organolithium compounds implies some efforts in order to control the high reactivity
of these species; side reactions such as hydrolysis/oxidation of reagents,
decomposition of intermediates, undesired rearrangements, and side reaction of
sensitive functional groups are quite common. In addition, these reagents manifest
a high tendency to hydrolyse in the presence of air and moisture. In order to
overcome some of these drawbacks, polar organometallic reagents are usually
employed at very low temperatures (such - 78°C or below) using strictly anhydrous
conditions, under inert atmosphere and carefully dried non protic organic solvents.
These selectivity problems can also lead to the formation of complex mixtures with
associated low product yields, which require additional separation steps producing
lots of waste. These limitations can greatly impact large scale processes in industry
due to the extra costs and time incurred to solve these problems. In addition, this
chemistry requires hazardous volatile organic compounds (VOCs), in particular
ethereal solvents owing to their Lewis basicity and attitude to activate
organolithiums by disaggregation, incrementing the environmental impact of this
chemistry. In this contest, important advances achieved by several research groups,
to limit the use of toxic reagents, polluting solvents and energetically expensive
conditions, have been made in the last two decades. Consequently, many efforts
have been focussed on the design of organic processes that can take place: a) under
aerobic ambient conditions and with energy efficiency (operating at room
temperature and under atmospheric pressure); b) using sustainable solvents; and
c) under safe conditions (for both human beings and the environment).l % 0
However, important progresses towards an upgrade of organolithiums chemistry
under greener conditions have been limited until recently, since a priori, the cannon
of this type of chemistry is incompatible with these conditions.

Pioneering independent studies by Alvarez, Hevia and Capriati et a/.5*>° have
shown, for the first time, the possibility of using polar organolithium reagents in
sustainable conditions, under air, in the presence of moisture and at room
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temperature, thus breaking the traditional paradigm that provided their use limited
only to classical strict Schlenk conditions to better control their reactivity and
stability. Furthermore, making this step possible, they have demonstrated that
replacing of traditional coordinating ethereal solvents with polar protic
biocompatible DESs or aprotic bio-based 2-MeTHF and CPME is possible, also, for
some organolithiums processes, opening the door for a new era of the
organolithiums chemistry.

2.4.1 Direct nucleophilic addition to ketones and esters in DESS

The study of new sustainable s-block organometallic-based reaction started
in 2014 by Hevia and Alvarez et a/. with the nucleophilic addition of Grignard
reagents to aromatic and aliphatic ketones 12 to the corresponding tertiary alcohols
13 using ChCl-based DESs as reaction media.*® Excellent yields and selectivity for
the preparation of alcohols have been achieved under air and at room temperature,
in a very short reaction time (3 s) without the expected competitive hydrolysis of
the Grignard reagents employed (Scheme 2.5). Remarkably, the formation of
reduction and/or enolization by-products under these conditions was completely
suppressed.

3
0 R*MgCl (2 eq.) OH R' = alkyl, aryl; R = Me, Ph;

R3 = Et, vinyl, ethynyl

-4 ] s
R' “R? 1 R4 R
ChCl-based DESs R yields = 57-87%

open air, r.t.,, 3s
12 13

Scheme 2.5. Addition of Grignard to ketones 12 in ChCFbased DESs.

Notably, the reaction requires two equivalents of nucleophile to obtain good
conversions without negative impact on the selectivity of the reaction. The scope of
this methodology was studied with regard to the nature of the deep eutectic
mixture, the Grignard reagent, and the carbonyl compound. The positive role of the
DES as reaction medium was evaluated by adding the Grignard reagent to a bulk
water suspension of ketone with a detrimental effect on the yield (10%). This result
suggested a possible kinetic activation of the Grignard reagents favoured by the
interaction with ChCl. This hypothesis could be in good agreement with the previous
report by Song et al. about the positive chemoselective effect of an ammonium salt
(tetrabutylammonium chloride, TBACI) as stochiometric additive in the alcohols
synthesis starting from ketones using Grignard reagents in THF.>” Trying to shed
some light in this activation process, the co-complexation of several Grignard
reagents with TBACI in anhydrous THF has been investigated by X-ray and DOSY
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NMR experiments, revealing the formation of mixed ammonium magnesiate [{ M -
Bus)}*{RMgCl,}] 14 species (Figure 2.4).

4y
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Figure 2.4. Molecular structure of [{MmBu)s}*-{(THF)MgCl>(CH:SiMe3)}] 14. Picture
adapted from ref.>¢

Unfortunately, analogous data in ChCl-based solvents have been not
obtained so far, anyway the authors hypothesized a similar interaction of the
Grignard reagent with choline quaternary ammonium salt forming an activated
species that exhibits enhanced nucleophilic power. In this case, ChCl could have a
double effect being not only a constituent of DES, but also a source of halide for
the organometallic reagent. This could explain the vary fast addition rate observed
in DESs over the competing hydrolysis process. In any case, other factors, including
hydrogen bond interactions or the heterogeneous character of these reactions (THF
in which Grignard reagents are stored and DESs are not miscible), cannot be
excluded and could be additional positive effects both activating the substrate and
shielding the organometallic reagents to the protonolysis.

The reaction was also extended to organolithium reagents with good results
in terms of yield and chemoselectivity compared with the previous synthesis of
alcohols reported under classical Schlenk conditions (Scheme 2.6).%8

3 .
0 R°Li(2eq) OH R' = alkyl, aryl; R? = Me, Ph;
- 17 R3 R® = n-Bu, Ph, ethynyl
RVCR?  chcrbased DESs  RR2 R o

open air, r.t., 3s yields = 60-90%

Scheme 2.6. Addition of organolithiums to ketones in ChCFbased DESs.

Again, the replacement of the DESs with pure bulk water lead to a
dramatically decrease of the yield. The authors proposed a rationalization of this
unexpected reactivity in terms of activation effect of n7BuLi in presence of the
quaternary ammonium salt (ChCl). NMR studies on the co-complexation between
TMSCH.Li and TBACI in anhydrous THF were consistent with the formation of
dianionic halolithiate species [{M+Bu)4},*{LiCl,-(CH,SiMe;)*]} where two CI
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anions have been transferred to lithium. In strong relation with the notorious
positive effect of chloride salts (such as LiCl) to the reactivity of organolithiums,>®
the authors hypothesized a similar halide-mediated accelerating effect to favour the
addition reaction in DES over the competing protonation process.

In order to underline the green aspects of the methodology, the authors
reported a very easy work-up procedure for this DESs-mediated nucleophilic
addition. When the desired alcohols were obtained as solids the final products were
isolated by simple addition of brine to the reaction mixture (to favour the
precipitation) and filtration. On the other hand, when the final products were
obtained as oils, an extraction with the environmentally friendly CPME could be
easily employed. An elegant application of this chemistry was shown by Capriati et
al. in 2016 for the synthesis of tetrahydrofurans 17 (Table 2.4).5°

Table 2.4. Addition of organolithiums and Grignard reagents en route to substituted
tetrahydrofurans 17 under different reactions conditions.

o RM OH NaOH (10% ac.) o pp
- 4 C - -
Ph)J\/\/CI Solvent [ Ph/R)\/\/ I ] Q<R
15 16 17
T Time 15 16 17
E R-M . I
ntry (€q.)  Solvent ory  conditions (%) (%) (%)
4 MeMgCl THE - 40 12 h, under i i 60
(3) argon
5 MeMgCl THE - 40 12 h, under i i 80
(6) argon
3 MeMgCl THE it 12 h, under i i 10
(3) argon
4 MelLi THE 40 12 h, under i i 85
(6) argon
5 MelLi THE it 12 h, under i i 30
(3) argon
MeMgCl ChCl/Gly 10 min,
6 3) 1:2 rt under air 15 85
Meli ChCl/Gly 10 min,
7 3 1:2 rt under air 10 73
MeMgCl 10 min,
8 3) H.O r.t. under air 72
MelLi 10 min
H .t ! - - 7
J 3 20 r under air >
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As depicted in Table 2.4 an extensive comparison between classical low
temperature conditions and sustainable open air conditions is reported.
Interestingly, the use of protic conditions (DESs or water) gave an important benefit
on the reaction outcome in terms of yield, reaction time and temperature. Differently
from the previous reported results by Hevia and Alvarez et /., this reaction
proceeded smoothly also using water as solvent. Moreover, water/DESs mixture
cannot be simply replaced by bulk alcohols (e.g. MeOH), suggesting that the strong
and three-dimensional intermolecular hydrogen bond established between
water/DESs and the substrate may play a crucial role in promoting this
transformation. This special H-bonding scenario could induce not only the activation
of the C=0 bond on the substrate towards the nucleophilic addition, but also shield
the organometallic reagent from competitive hydrolysis processes.

The facile access to tertiary alcohols by simple direct addition of
organolithiums to carbonyl compounds in DESs inspired Alvarez et al. to develop
tandem protocols in which other DESs-compatible reactions (such as bio- or metal
catalysed transformations) promoted the conversion of the substrate into an
intermediate which is /n situ converted in the final product. Recently, the one-pot
synthesis of tertiary alcohols 20 by combining the ruthenium-catalysed
isomerisation of allylic alcohols 18 and chemoselective addition of organolithiums
to intermediate ketone 19 in DESs was reported (Scheme 2.7).5!

2 2 2
R® OH [Ru] (5 mol%) R® O RSLi (3 eq.) R® OH
R1J\’/kR4 R1J\/U\R4 R1J\/(\5R4
R3 ChCl/Gly 1:2 R3 ChCIl/Gly 1:2 R3 R

open air, 50-75 open air, r.t.,, 3 s
18 °C, 30 min 19 20

R', R? R3 R*=H, Alkyl, Aryl
R® = Me, n-Et, n-Bu, s-Bu, Ph
yields = 45-99%

Scheme 2.7. One-pot tandem combination of Ru-catalysed isomerisation of allylic alcohols
18 with chemoselective addition of RLi in DESs.

More recently, the possibility to use methyl or ethyl esters such as 21 as
electrophilic platform to perform an easy double addition of organolithiums (or
Grignard) en route to the corresponding tertiary alcohols 22 was reported.®? The
reaction proceeded very fast (20 s) using both ChCl/urea 1:2 or water as solvents,
in presence of air, at room temperature, with good yield (Scheme 2.8). However, a
limit of this methodology consists in the consecutive and non-controllable double
addition of the same organolithium, while the installation of two different
nucleophiles is prevented.
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0 R2Li (2.5 eq.)

R" “OMe  chClurea 1:2
or H,0, open
air, rt., 20 s

0 OH
L - R1,{/R2 R = alkyl, aryl
R" “R? R2 R2 = alkyl, aryl

yields = 60-95%
21 22

Scheme 2.8. Double addition of organolithiums to esters 21 in ChCl/urea 1:2 or water.

2.4.2 Direct nucleophilic addition to imines and nitriles in DESs and glycerol

Compared to their corresponding ketone counterparts, the synthesis of
amines by 1,2 direct addition of organolithiums to imines suffers of some limitations
due to the lower electrophilicity of the iminic carbon and the tendency to undergo
some side reaction (such as reduction or enolization).®® For these reasons, the
employment of Lewis acids®® ® or more electrophilic imines with MEWG
substituents®’ is necessary to overcome these limitations. In this context, an elegant
and sustainable protocol was proposed by Hevia and Alvarez et al. for the direct
synthesis of secondary amine 24 exploiting the ChCl/Gly eutectic mixture to activate
these substrates (Scheme 2.9).%

R? 3L R?
. R*Li (1.4 eq. .
E‘ &, Hj\‘\ R', R?, R® = aryl, alkyl
R ChCI/Gly 1:2 R' R3 yields = 73-95%
open air, r.t., 3 s
23 24
Ph t(s) 25, yield %
N
| 3 89
ChCI/Gly 1:2 ph) Nl 15 89
n-BulLi - - )\ 60 63
t, open air 3 s, open air Ph n-Bu 120 42
r.t. r.t. 210 2
25

Scheme 2.9. Nucleophilic addition of organolithium reagents to imines 23 in ChCl/Gly 1:2
(top) and time-dependent formation of the addition product when the addition order of
reagents is reversed (bottom).

Again, addition reaction take place much faster than the competing
protonolysis process, giving the secondary amines 24 in good yield after very short
reaction time (3 s), under air at room temperature, without any additives, starting
from simple and non-activate imines with good chemoselectivity (only unreacted
starting material and product were observed in the reaction crude). In this work,
little progresses in terms of functional group tolerance were realized: in the
presence of a bromoaryl imine no metal-halogen exchange byproducts were
detected, despite the thermodynamic condition adopted. Notably, with respect to
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the other citated methodology, in this case, with this less electrophilic platform, only
more reactive organolithiums gave satisfactory results. A life-time experiment by
reversing the addition order of the reagents was used to corroborate the stability of
organolithiums in these protic reaction media. As shown Scheme 2.9 (bottom), after
15 seconds under air, amine 25 was still recovered in remarkably high 89% yield.
This experiment revealed an unexpected high kinetic stability of n-BuLi in the
ChCl/Gly 1:2 eutectic mixture. In fact, only after 3.5 minutes the addition to the
imine was completely supressed. This approach was finally extended to the more
challenging alkylation/arylation of quinoline 26, leading to similar results in term of
yield (however lower compared to imines) and chemoselectivity (Scheme 2.10).66

N R2Li (1.4 eq.) ©\/\ o
Ao -
2 R H/\Rz

R', R? = alkyl

N ChCIl/Gly 1:2 yields = 30-54 %

open air, r.t., 5s
26

Scheme 2.10. Addition of alkyllithiums to quinoline 26 in ChCl/Gly 1:2.

More recently, the synthetic potential of this approach has been further
expanded by Alvarez and Capriati et a/. The direct addition of both organolithiums
and Grignards to enantiopure M-tert-butanesulfinyl imines 27 was performed in
DESs, working at room temperature in the presence of air, for the preparation of
chiral amines 29, 30 of pharmaceutical interest (Scheme 2.11).%’

column

cromatography

t-Bu t-Bu :

é R2M (1.4 eq.) é separation NH NH,
N0 ————  HNTO SR §
l D-sorbitol/ChCI 1:1 2 R "R? R" "R?

R' open air, r.t., 2 min R'" "R? HCI (2.0 M)
T D-sorbitol/ChCl 1:1
27 28 under air, r.t., 3h 29 30

s a

R' = Ph, 4-OMeCgH,, 4-CF3CgH,, t-Bu
R2 = Me, Et, iPr, n-Bu, t-Bu, allyl

M = Li, MgClI

dr = from 68:32 to 50:50

yields = 74-98%

MeO
Me

(R)-enantiomer, (R,R)-
Formoterol precursor,

(R)-enantiomer, (R)-
Cinacalcet, 38% overall yield

29% overall yield (2 steps), (2 steps), 96% ee
96% ee

L J

Scheme 2.11. Addition of organolithiums and Grignard reagents to M-tert-butanesulfinyl
imines 27 in DESs. Some relevant API precursors synthesized are shown.

The principal limitation of this protocol is the poor diastereoselectivity
observed in the addition step, compared to the classical methods, while total
integrity was observed on the preinstalled chiral position. However, the two
obtained diastereomers could be easily separated by column chromatography and,

61



subsequently, the cleavage of the chiral auxiliary in the intermediate sulfinamide 28
was achieved under acidic conditions in the same D-sorbitol/ChCl 1:1 eutectic
mixture with quantitative yields and excellent enantioselectivity.

Finally, Capriati et al. shown that also water can be used as sustainable
reaction media to promote a fast and chemoselective direct 1,2 addition of
organolithium to aldimine at room temperature under “on-water” conditions.®®

Another promising eco-friendly biomass-derived solvent aforementioned as
DES-component, namely glycerol, was used for the first time as reaction medium in
the direct addition of aryllithiums to nitriles 31 by Alvarez et a/. (Scheme 2.12).6°

Ar-Li (2 eq) NH HCI2 M o R' = Ph, 3-MeCgHy, 2-MeCgHy, 2-
R1_:N —> |: ; ; FCgH4, 4-OMeCGH6, 4'CF3C6H6,
Gly, under air, R* Ar 100 °C RY Ar n-hexyl
31 rt,2s 32 yields = 24-90%

Scheme 2.12. Addition of aryllithiums to nitriles 31 in glycerol.

As described in the previous cited examples using DESs or water, these
reactions are ultrafast (2-3 s) and compatible with the presence of air and moisture.
Arylation of nitriles generates /n situ the relevant NH-imines 32 which resist to a
second nucleophilic attack, and it is then converted into the corresponding ketones
by acidic hydrolysis in moderate to good yields. Interestingly, only nitriles insoluble
in Gly were effective towards these arylation processes. Furthermore, good results
were achieved using water or ChCl/Gly 1:2 as solvent, while both a ‘normal stirring’
and replacing Gly with protic methanol or aprotic 2-MeTHF (solvents in which
benzonitrile is completely soluble) lead to a dramatic decrease of the yield. These
findings suggest that this addition protocol takes place under “on-glycerol”
conditions. Again, the authors proposed an inverse addition experiment to
corroborate the stability of PhLi to hydrolysis in this protic medium. In fact, when
PhLi was added to Gly and stirred for 15 seconds before addition of benzonitrile,
benzophenone was recovered in 74% vyield after acidic hydrolysis of the imine
intermediate. Anyway, this protocol was unsuccessful using alkyllithiums that are
more sensitive to the Gly-promoted hydrolysis.

2.4.3 Aerobic addition of lithium phosphides to aldehydes and epoxides in DESs

The development of sustainable and effective transition-metal-free protocols
for the selective formation of new C-P bonds is highly desirable especially because
phosphorous-containing organic molecules are key scaffolds in medicine,
biochemistry, material science, catalysis, and organic synthesis.”” 7* In a recent
publication, Alvarez and Capriati et a/. reported the possibility to generate high
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reactive lithium phosphide 34 starting from corresponding phosphine 33 directly in
DESs under bench conditions (under air, at room temperature). These species are
used as source of nucleophilic phosphorus and easily trapped in the same eutectic
mixture with aldehydes or epoxides to generate the corresponding a- or B-hydroxy
phosphine oxide 37 and 38 with high efficiency in very short reaction time (Scheme
2.13).7? This work open the door to the generation of high reactive organolithium
species directly in these unconventional protic media.

o]
)k (1eq.) » air o
H” RS \___, | oxidation “ _R!
P—R PC,
HO Ho— R
1 1 R3 R3
R n-BuLi (1 eq.) R
H-R Li—R — (1eq) 3 3
R2  ChCl/Gly 1:2 R? Oy Re
open air, r.t., 3s )% .
33 34 RS R air Q R
P-R2 oxidation P
4 —— Ri{ R?
R"=R?=Ph, iPr, t-Bu R & &OH
R3 = Ph, 3-CICgH,, 4-MeOCgH,, naphthyl, 27— OH RS
thienyl, cyclohexyl L R i

R* R5=H, Me, Ph, cyclohexyl, cyclooctyl 38

yields = 62-94%
Scheme 2.13. Generation and addition of LiPR; 34 to aldehydes and epoxides in DESs.

Replacing 33 with the corresponding phosphine oxide and reacting with 7~
BuLi under the same reaction condition in order to generate the corresponding
lithiated phosphine oxide, no evidence of the formation of the desired products after
the addition of the selected electrophiles was observed. This gives the elucidation
on the /n situ air-oxidation of the non-isolable phosphines 35 and 36, generated
upon addition to 34 of the selected aldehyde and epoxide respectively.

Other interesting features of this report are: a) the possibility to replace DESs
with water or Gly with a limited decrease of reaction yields; b) the possibility to
generate the active P-species with bases such as NaH or KH with a limited decrease
of reaction yields; c) an easy work-up procedure, by simple adding water to promote
the precipitation of the product; d) the life-time study of the lithiated phosphide by
changing the electrophile addition time is reported.

2.4.4 Direct addition of lithium amides LINR, to esters, amides and olefins in 2-
MeTHF

Because of their minor reactivity due to the less polarized Li-N bond
compared to the corresponding C-Li species, the development of bench and
sustainable methodologies using nucleophilic lithium amides slowly emerged on the
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panorama of the air-moisture compatible reactions. The first experimental evidence
of the possibility to use nucleophilic lithium amides such as 40 at room temperature,
in presence of air was reported by Hevia and Alvarez et al, describing the direct
transamination of esters.”?

Table 2.5. Study of solvent-compatibility in the direct addition of lithium A*methylanilide
40 to ethyl benzoate 39.

0 LiNMePh 40 o
(in 2-MeTHF) bh
OEt N~
©)‘\ solvent, under air, ©)L'\'Ae
rt,20s
39 41
Entry Solvent LiNMePh (eq.) 41, yield %
1 THF 2 93
2 2-MeTHF 1.5 80
3 2-MeTHF 2 81
4 2-MeTHF 3 80
5 ChCl/Gly 1:2 3 83
6 ChCI/H20 1:2 3 81
4 H.0 3 36
8 Gly 3 75
gal 2-MeTHF 1.5 82
100 Gly 1.5 47

2 solid LiNMePh was used

As shown in Table 2.5, nucleophilic lithium A~methylanilide 40 showed a
good tolerance and stability under this bench conditions, and it was able to promote
the direct amidation in very fast reaction time using different unconventional
solvents, among them both polar aprotic (2-MeTHF and THF) (Table 2.5, entry 1-
4), polar protic (Gly) (Table 2.5, entry 8) and eutectic mixtures (ChCl/Gly 1:2 and
ChCI/H;0 1:2) (Table 2.5, entry 5-6), while bulk water led to an important decrease
of yield (Table 2.5, entry 7). Furthermore, the best features of 2-MeTHF over Gly
were demonstrated a) in the classical inverse-sequence experiment (Scheme 2.14),
showing an expected major resistance of 40 to protonolysis in 2-MeTHF compared
to Gly and b) the possibility to use 40 in a solid aggregated form without significant
differences in terms of yield was feasible only in 2-MeTHF (Table 2.5, entry 9,10).
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o}

1 0,
OEt t(s) solvent 41, yield %
10 Gly 32

'\./Ie 39 0 30 3
N solvent Ph 1min 2-MeTHF 70
Li ——————— > N~ 2 min 62
©/ t, open air 20s Me 5 min 42
(1.5 eq.) r.t open air, r.t 10 min 13
40 41

Scheme 2.14. Assessing the time-dependent formation of 41 when the order of addition
of reagents is reversed in both Gly and 2-MeTHF.

The reaction was successfully extended to several ethyl benzoates decorated
with different functionalities on the aromatic ring (methyl, fluorine and methoxy).
Also heteroaromatic (3-furyl and 3-pyridyl) and aliphatic (cyclohexyl and heptyl)
ethyl esters were used with high yield and chemoselectivity. More interesting,
different lithium amides were used as nucleophilic nitrogen sources for the direct
amidation of ethyl esters 39 and for the transamidation of high activated M-Boc;
electrophilic twisted amides 42 (Scheme 2.15).

Q LINR'R? (1. 5eq) LINR'R? (1.5 eq.) 0 .
OEt NBoc, — > N
2- MeTHF 2-MeTHF R2
open air, r.t., 20 s

open air, r.t.,, 20 s

39
(0] (0]
.Ph .n-Bu
N )
H n-Bu n -Bu
71 % 77 % 7% 70 %
o} (0] (0]
9 0 0 !
_o
17 % 79 % 65 % 53 %
O Me
Me
63 % 6 % ‘ 73 % 72 %

Scheme 2.15. Addition of different LiNR: to ethyl benzoate 39 (left) and to A~Boc:
benzamide 42 (right).

The reaction was compatible with sterically hindered lithium c¢is-2,6-
dimethylpiperidide and with the less basic lithium secondary amides and
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diphenylamide. The latter reacted smoothly only with the strong electrophilic A-Boc;
benzamide 42 that show a superior reactivity compared to the corresponding ethyl
esters. Anyway, highly hindered non-nucleophilic lithium amides (such LDA and
LiITMP) were not compatible with this protocol.

By structural and spectroscopic studies, authors revealed that 2-MeTHF plays
a key role in these reactions, ensuring full solubilisation of the lithium amides and
favouring the formation of small kinetically activated aggregates. Furthermore,
while LINHPh 43 and LiNPh, 44 exhibit dimeric structures in the solid state solvated
by three and two molecules of 2-MeTHF respectively (Figure 2.5), DOSY NMR
studies are consistent with the formation of trisolvated [Li(NR;)(2-MeTHF)s]
monomers. Monomer formation should lead to more powerful nucleophilic lithium
amides that can react faster with the unsaturated organic substrate (ester or amide)
to add across its C=0 bond, favouring the addition over competing degradation by
oxygen or moisture.

A Y
/—&m ¢ 'J. € "o 4, ® 9
" 9 9 Q OQM 'Y
e 1 o2 ‘ 0 N1 .’ Lit
or nv’" ?l.' N2 /Lt ‘OJ g 4.——"‘7
\ 1 L
o U 7] ;aj) ‘ // Q o s ‘o Py
Qb).. 1 ’ €% " e 9
£ ) . -
43 44 45

Figure 2.5. Molecular structures of dimeric (left to right) lithium anilide 43, lithium
diphenylamide 44 and lithium 2,2"-bipyridylamide 45 crystallised from anhydrous 2-MeTHF.
Imagines adapted from ref.”3

The applicability of this bench conditions to the chemistry of nucleophilic
lithium amides was further detailed by the same authors with a moisture-promoted
hydroamination of olefins such as 46 in wet 2-MeTHF (Table 2.6).”*
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Table 2.6. Experimental details of air-moisture benefits for the hydroamination of 4-
methylstyrene 46 in 2-MeTHF.

N
Li

| (1.5 eq., 2-MeTHF Q
solution) N
2-MeTHF
Me conditions, r.t., t
Me

46 47
Entry Conditions t (min) 47, yield %
1 open air, wet solvent 30 90
2 CaCl; trap fattac.hed to the top of 240 35
the reaction vial, wet solvent
3 N2, dried solvent 30 28
4 N2, dried solvent 120 28
5 wet Ny, dried solvent 120 75
6 N2 + 1.5 eq. of piperidine, dried 30 98
solvent

Surprisingly, the best results were obtained operating under bench
conditions (open air, wet solvent) (Table 2.6, entry 1), while every strategy adopted
to remove air and moisture in the reaction vessel (Table 2.6, entry 2-4) lead to a
dramatic decrease of 47 yield. Interestingly, the addition of a stochiometric amount
of free piperidine under anhydrous condition lead again to a quantitative recovery
of the hydroamination product 47 (Table 2.6, entry 6).

In order to explain these experimental evidences, the authors proposed an
/n situ NMR monitoring of the reaction combined with DOSY NMR studies, revealing
that the presence of free piperidine combined with the ability of 2-MeTHF to
generate small kinetically activated monomeric aggregates’? are the key to promote
the hydroamination reactivity. When the reaction is carried out under air, the
presence of moisture can generate free piperidine; the latter is able to coordinate
the lithium piperidide, which in turn reacts with styrene to form selectively the
hydroamination product via an intermediate lithiated species 49 that can be rapidly
quenched by piperidine or traces of moisture. On the opposite, when the reaction
was carried out under strictly anhydrous conditions, 49 become more stable and
reacts with another units of styrene to generate polystyrene, that was observed as
principal product under these conditions (Scheme 2.16).
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Finally, the reaction was easily extended to different vinyl arenes 48 and
lithium amides, to demonstrate the applicability of this unprecedent moisture-
accelerated hydroamination protocol (Scheme 2.16).

R' = H, 2-OMe, 3-OMe, 3,4-

LiNR, (1.5 eq.
R1©/\ S 1©NNR2 (MeO)y, 4-Ph, 3-CF3, 4-F, 4-Cl
R I .
2-MeTHF, NR, = piperidine, pyrrolidine, N-

48 open air, r.t., 30 min Me-piperazide
yields = 41-97%

\Li:S H,O or piperidine

S. s
Lil
oy 50
S =2-MeTHF
al L e J al

L=S d_/ L= piperidine | H,0 or
2-MeTHF piperidine
49
()

polymerisation hydroamination

Scheme 2.16. Proposed pathway for the reaction of lithium piperidide with styrene in 2-
MeTHF showing how the excess piperidine or ambient moisture supply is necessary to favour
hydroamination over polymerisation.

On the basis of these results, and motivated to discover new bio-compatible
strategies to synthesize polymers, the same authors subsequently developed an
unprecedent r-BuLi-promoted anionic polymerization in DESs in high yields and with
low polydispersity.”>
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2.4.5 Directed ortho-metalation and lateral lithiation of diaryltetrahydrofurans in
DESs

Compared to the nucleophilic reactivity of organolithiums, examples about
the basic behaviour of these highly polar compounds in sustainable reaction media
still remain scarce. This lack is easily understandable considering the
counterintuitive nature of the proposed challenge. In fact, if the organolithiums
nucleophilicity could be exalted by co-complexation with an ammonium salt or by
H-bond interaction in the interface of a heterogeneous mixture under vigorous
stirring, the classical deprotonation/electrophilic trapping sequence involves the
formation of a high reactive C-Li species that requires a proton-free environment to
overcome re-protonation events leading to a recover of the unreacted starting
material.

Only recently, Capriati et al. showed the first experimental evidence of basic
organolithiums reactivity using protic DESs as reaction media under sustainable
conditions. During the optimization of the DoM of diaryltetrahydrofurans 50
promoted by #BulLi, the authors observed that replacement of toxic and volatile
DEE with environmental-friendly CPME led good results in term yields and efficiency
of the ortho-functionalization, under argon (Scheme 2.17 a).”® Motivated by this
result, with the aim of further simplify the methodology, the authors performed the
electrophilic quenching in DESs of the pre-generated active ortho-lithiated species
51 (in CPME), with both good recovery of the desired product 52 and with some
advantages (depending on the nature of the electrophile used) respect to the
classical approach under strictly anhydrous conditions (Scheme 2.17 b).
Unfortunately, the ortho-deprotonation/electrophilic-functionalization directly in
DESs, under air, at room temperature was effective only using the strong
formylating agent DMF (Scheme 2.17 c). Nevertheless, this report represents the
very first example of a successful DoM strategy in a polar protic environment.
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O Li----O E O
t-BuLi (1.9 eq.) E* E = Me, Bu3Sn, PhS, Ph,P,
Cl, F, CHO, COPh
a) Ph CPME, 0 °C, Ph Ph . F, , COPh,
under argon CONHPh, R'R“OH, ROH

yields = 30-90 %

50 51 52
(6] Li----O E (6]
tBuLi(1.9eq.) E* E = Ph,COH, CH5PhCOH,
b) Ph CPME, 0 °C, Ph ChCl/Gly 1:2 Ph Ph,P,CHO
under argon, under, air, r.t. yields = 40-90 %
50 10 min 51 52

(0] Li----O CHO O
t-BuLi (1.9 eq.) DMF
c) Ph ChCI/Gly 1:2, Ph Ph
CPME, under

air, 0 °C, 1 min
50 51 90%

Scheme 2.17. DoM of diaryltetrahydrofurans 50 performed in a) CPME under anhydrous
conditions; b) CPME under anhydrous conditions followed by electrophilic trapping in DES;
¢) in DES under air.

A further extension of this work has demonstrated that the LL of o
tolyltetrahydrofurans 53 undergoes a spontaneous C-C bond formation step. This
process takes place using CPME/DESs as sustainable reaction media, with the initial
regioselective lithiation of the activated benzylic position of 53, followed by addition
of the second equivalent of the RLi reagent (s-BulLi, PrLi, or #BuLi), which finally
promote the ring-opening of the furan ring leading the primary alcohol 54 in good
to quantitative yields (Scheme 2.18).””

R' = Me, Ph
5 R? = n-Bu, s-Bu, t-Bu
R
) E =D, Me, Et
Me R2Li (1 eq.) o R2Li (1 eq.)
o _~Hued) o e R
7 CPME, DES 7 CPME, DES
R under air, 0 °C, R under air, 0 °C
3 min OH

53 54

. R2L' R
2 ~ L'\O ») ) R2Li
R“Li ~ /o — ) ( OLi . (A-OLi
7y 3 3
R R “R!

Scheme 2.18. Lateral lithiation-ring opening of o-tolyltetrahydrofurans 53 in CPME/DES
and proposed mechanism.
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The peculiar nature of this proposed mechanism, together with the limited
choice of suitable electrophiles, requires future developments and investigations to
fulfil the necessity of develop novel general and efficient methodologies for the
generation and functionalization of high reactive C-Li species directly under protic
bench conditions using these bio-compatible solvents.
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Abstract

One of the main goals of modern synthetic chemistry is the development of
new and efficient chemical processes under sustainable conditions. Recently, the
chemistry of highly polar s-block organometallic compounds has proven to be
compatible with exquisitely environmentally friendly operating conditions: the
feasibility of running organometallic-mediated transformations under air, at room
temperature using new protic ‘green’ reaction media, has broken the traditional
paradigm which impose the handling of both organolithiums and Grignard reagents
under strictly anhydrous conditions, using dangerous and toxic dry ethereal solvents
at low temperatures to better control their reactivity.

My PhD project was mainly focused on the development of new
organolithium-mediated synthetic strategies under unconventional bench
conditions, in order a) to extend the portfolio of air-moisture compatible
organolithium reactions and b) deepen our knowledge on the mechanistic principle
on which this new and complex scenario of organolithium chemistry is based.

In Chapter 3, the chemoselective Directed ortho Metalation (DoM) or
nucleophilic acyl substitution (SyAc) reaction starting from the same aromatic
carboxylic acid amide, in a choline chloride-based eutectic mixture, is reported. The
DoM or SyAc processes, en route to functionalized amides and ketones, can be
conveniently and chemoselectively carried out under air, at room temperature or 0
°C, within a reaction time of up to 60 seconds and using environmentally friendly
eutectic mixtures in combination with CPME, depending on the nature of the
organolithium reagent. Next, a systematic study of new metalation/functionalization
strategies using DESs as sustainable reaction media has been undertaken for
promoting the regioselective lateral lithiation (LL) of substituted toluene derivatives,
and the results are summarized in Chapter 4. In this work, we have shown that
under exceedingly mild reaction conditions and ultrafast reaction times the most
widely used DMGs in ortho- and lateral lithiation reactions (tertiary amides,
sulfonamides and oxazolines) preserve their relative directing abilities and efficiently
promote the LL under these conditions. Finally, the possibility to manipulate G-aryl
carbamates under unconventional conditions to promote DdM functionalization
strategies and anionic ortho-Fries (AoF) rearrangement sequences is illustrated in
Chapter 5. We have shown that the reactivity of O-arylcarbamates with polar
organolithium reagents can be conveniently controlled by changing the reaction
conditions in the presence of air and moisture using eco-friendly unconventional
solvents, at room temperature and in very short reaction times. Remarkably, high
chemo- and regioselectivities using for the first time the hindered lithium amide
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LITMP as metalating agent under these unconventional conditions have been
disclosed.

The nucleophilic reactivity of organolithium reagents has been also deeply
investigated, with a particular focus on the chemoselective synthesis of ketones by
1,2-nucleophilic addition to carboxylic acid amides via stable tetrahedral
intermediates. More in details, in Chapter 6 the fast addition of organolithiums to
simple amides in environmentally friendly CPME, at ambient temperature and under
air, is reported. Our results disclosed that there is no need to make use of chemically
modified or activated amides as well as transition metal-catalyzed C-N activation
processes to promote and privilege nucleophilic acyl substitution reactions by
organolithium reagents. The method provides the desired ketones with an effective
suppression of the notorious over-addition reaction, and the experimental results
are nicely supported by detailed DFT calculations that show how CPME stabilizes
the dimeric tetrahedral intermediate, and by NMR spectroscopic investigations,
which provide insights into the stability of the tetrahedral intermediate in CPME
solution. Finally, a general and efficient protocol to access stable O-trimethylsilyl
protected hemiaminals obtained upon addition of organolithiums to aromatic
Weinreb amides is detailed in Chapter 7. The reaction has proven to be highly
chemoselective allowing the formation of a plethora of derivatives presenting
different functionalities., and the possibility to obtain single crystals of some
selected compounds, together with their X-Ray analysis, gave further evidence of
their chemical stability and easy handling, which allowed an unprecedent
crystallographic analysis of these stable tetrahedral intermediates. This last part of
the project was carried out during my period as PhD visiting scholar in the group of
Prof. Vittorio Pace at the Pharmaceutical Department of the University of Vienna,
Austria.
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Chapter 4
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CHAPTER 3: Chemoselective directed ortho-metalation
and nucleophilic acyl substitution of hindered
carboxamides in Deep Eutectic Solvents

Part of the results presented in this chapter are published in Chem. Commun.
2019, 55, 7741-7744.

Amides are excellent starting materials and intermediates for organic
synthesis due to their easy availability and preparation,'-* and versatile reactivity.>-
® The reaction of highly reactive organolithiums compounds with aromatic amides
has two different outcomes: directed ortho metalation with aromatic C-H
functionalization (see section 1.2.2) or nucleophilic acyl substitution (SvAc) (see
paragraph 1.3). Interestingly, the reactivity of this versatile electrophilic platform
has not been yet investigated under unconventional bench conditions (room
temperature in the presence of air and moisture). Motivated by the experience of
our research group’-'! in polar organometallic chemistry and by the recent findings
in using water or DESs as privileged reaction media with organometallic reagents
(see paragraph 2.4), in this chapter a systematic study on the usefulness of protic
DESs as sustainable reaction media to promote a high chemoselective DoM-SyAc of
hindered carboxamides 1 (Scheme 3.1) is presented.

0 - 0 1) t-BuLi E 0
R2Lj 2)E"
R2 - N(IPI’)z - = N(IPl’)g
DES/CPME DES/CPME
R’ under air, 0 °C R' under air, r.t. R’
3 1 2

Scheme 3.1. Ortho-lithiation and nucleophilic acyl substitution of benzamide derivatives 1
in ethereal/eutectic mixtures.

3.1 DoM: optimization of the reaction conditions

We started our investigation using unsubstituted A, A~diisopropylbenzamide
1a as a model substrate since it is known to be completely resistant to nucleophilic
attack by alkyllithiums at the amide carbonyl, and to be easily ortho-functionalized
in a total chemoselective fashion with #BulLi, s-BuLi or even -BuLi under classical
condition (THF, -78 °C, under nitrogen).!%!* In a preliminary experiment, amide 1a
(0.2 mmol) was suspended in a prototypical ChCl/Gly 1:2 eutectic mixture and then
reacted at room temperature in air with commercially available #BulLi (2 eq.) under
vigorous stirring. Quenching the reaction mixture with Mel (5 eq.) after 2 seconds,
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however, led to quantitative recovery of 1a after work up (Table 3.1, entry 1). When
tBuLi (2 eq.) was added in one portion to 1a (0.2 mmol), previously solubilized in
a small amount of environmentally friendly CPME (0.2 mL, 1 M), in the above
eutectic mixture, under air at room temperature with vigorous stirring in order to
generate an emulsion between the two immiscible phases, and then quenched after
2 seconds with Mel (5 eq.), the ortho-methylated adduct 2a was this time isolated
in 70% vyield as the sole product (Table 3.1, entry 2). Interestingly, no traces of any
nucleophilic addition product were detected by ‘H NMR and GC-MS analyses of the
crude reaction mixture when amide 1a was treated with #BuLi either in the
presence or in the absence of electrophile. Furthermore, no evidence by *H NMR
and GC-MS of bis methylated adduct were detected, despite the excess of base and
electrophile used, indicated the extremely high instability of a bis-lithiated species
under these experimental conditions (Figure 3.1). The regioselectivity of the
lithiation was next confirmed by 2H NMR analysis of the deuterated product o-D-
13, resulting from the treatment of 1a with #BulLi followed by quench with CD:0D,
that showed a total regioselective incorporation of deuterium at a single ortho
position in 66% yield (86% deuterium incorporation) (Table 3.1, entry 3 and Figure
3.2). No significant changes were observed when the reaction was run at 0 °C
(Table 3.1, entry 4), while lowering the organolithium from 2 to 1.5 eq., the
electrophile from 5 to 3 eq. and the amount of CPME amounts from 0.2 mL to 0.1
mL led to a small decrease of conversion (Table 3.1, entries 5-8). Using ChCl/urea
1:2 as DES led to similar results (Table 3.1, entry 9), whereas the use of water as
HBD (Table 3.1, entry 10) as well as the replacement of the eutectic mixture with
water or Gly was ineffective (Table 3.1, entries 8-10). Furthermore, performing the
reaction using a ‘normal stirring’, the recovery of 2a noticeably decreased (Table
3.1, entry 14). These experimental results are in strong agreement with the previous
studies on the beneficial effect of the H-bond interaction at the interphase area both
on the substrate activation and on shielding the organolithiums from the competitive
protonolysis.>!” The features of these ‘on-DES procedures have been also
observed for this unprecedented DES-compatible DoM: a) a heterogenous mixture
is required; b) the outcome of the reaction is dependent by the stirring-efficiency;
¢) the replacement with other protic solvent with a minor H-bond network lead to a
decrease of the reaction performance. Consequentially, using pure CPME as solvent
the ortho-functionalized product 2a was obtained, albeit in 41% yield (Table 3.1,
entry 14).
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Table 3.1. Metalation reaction of A, A~diisopropylbenzamide 1a using #Buli under different
conditions.[?

o) Bl Li o - E 0
©)LN(iPr)2 et ©)LN(iPr)2 — ©)LN(iPr)2
unde2r zir, r.t
1a o-Li-1a 2a (£ = Mel)
o0-D-1a (E* = CD;0D)
Entry Solvent t(' :qugi E* (eq.) Product (%)!]
1 ChCl/Gly 1:2 2 Mel (5) -
2 CPME, <l ChCl/Gly 1:2 2 Mel (5) 2a (70)
3 CPME, <l ChCl/Gly 1:2 2 CD:OD(5)  o-D-1a (83)
4 CPME, [ €l ChCl/Gly 1:2 2 Mel (5) 2a (67)
5 CPME, <l ChCl/Gly 1:2 1.5 Mel (5) 2a (60)
6 CPME, ] ChCI/Gly 1:2 2 Mel (3) 2a (63)
7 CPME, 1 ChCl/Gly 1:2 2 Mel (5) 2a (34)
8 CPME, (9! ChCl/Gly 1:2 2 Mel (5) 2a (60)
9 CPME, <) ChCl/urea 1:2 2 Mel (5) 2a (67)
10 CPME, (I ChCI/H20 1:2 2 Mel (5) -
11 H20 2 Mel (5) -
12 Gly 2 Mel (5) -
13 CPME 2 Mel (5) 2a (41)
140 CPME, ChCl/Gly 1:2 2 Mel (5) 2a (60)

[a] Reaction conditions: 1.0 g DES per 0.2 mmol of 1a. DESs: ChCl/Gly 1:2; ChCl/urea 1:2;
ChCl/H,0 1:2. Stirring at 900 rpm. [b] Determined by *H NMR using CH3NO; as the internal
standard. [c] CPME: 0.2 mL. [d] 66% isolated yield, 86% D incorporation. [e] T = 0 °C. [f]
CPME: 0.1 mL. [g] CPME: 0.15 mL. [h] ‘normal stirring” at 400 rpm.
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Figure 3.1. 'H NMR of DoM crude reaction mixture reported in Table 3.1, entry 2: only
signals of amide 1a and 2a were observed. Inset: expansion of the aromatic region with
integration of the reference signal of 2a used for 'H NMR SI yield analysis.
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Figure 3.2. 2H NMR of o-D-1a: total regioselective incorporation at ortho-position was
observed. Inset: 'H NMR spectra expansion of aromatic region of 1a. *: residual CD2Cl»
solvent peak.

Next, the half-life of o-Li-1a was evaluated in the above protic medium.
Experiments were designed to show the reaction progress over time with reaction
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samples quenched with Mel at different times following treatment of the substrate
1a with #BulLi. The first-order plot obtained indicated an estimated half-life for o-
Li-1a of 6.26 seconds (Figure 3.3). This very short half-life is due the presence of
accessible protons in the eutectic mixture but, however is long enough to obtain the
desired ortho-functionalized compounds after electrophilic quench. To the best of
our knowledge, this is the first experimental evidence of the generation of a high
reactive C-Li species under these protic and moisture-compatible experimental
conditions. The presence of the amide directing group and the strict control of the
experimental condition (vide supra) are crucial to yield stabilized o-Li-1a species.

|
1009 CHsI addition 2a, yield
. time (s) %
804 ) 2 70
" 4 56
- 601 3
s "\. 6 46
A 401 . 8 42
e 10 32
209 15 1
mo : : = o . 20 0
0 5 10 15 20 25
CH;,l addition time [s]
1.5+ CHsI addition
In [2
time (s) n[2a]
20T 2 2.15
Tl 4 -2.37
— -2.54 ~
K] ele 6 2,57
2 3.0- T 8 -2.66
- 10 -3.00
-3.54 "
-4.0 T T 1
0 5 10 15

CH;l addition time [s]

Figure 3.3. Kinetic analysis of the directed ortho-metalation of 1a.
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3.2 DoM: reaction substrate scope

The scope and limitations of this transformation were evaluated for a series
of electrophiles and benzamide decorated with different functional group on the
aromatic ring (Scheme 3.2). Strong electrophiles such as benzaldehyde and DMF
reacted smoothly with anion o-Li-1a, thereby providing the expected ortho-
functionalized adducts 2b,c in good yield (60% and 68% respectively). In similar
way, halogenating (BrCH,CHBr), sulfurylating (S:Me;) and silylating (TMSI) agents
could be used in slight excesses (1.5 eq.) to functionalize o-Li-1a, limiting
remarkably the impact of the transformation, leading to the corresponding adducts
2b,f,g in good yields (63-70%). Furthermore, 2 M solution of I, in 2-MeTHF was
used to generate the corresponding ortho-iodo derivative 2c in 62% yield. On the
opposite, quenching of o-Li-1a with less electrophilic ethyl benzoate or with
gaseous CO; (directly bubbled in the reaction mixture) were less favorable and
furnished the corresponding aromatic ketone 2h and the carboxylic acid derivative
2i in lower yields (23-34%) (Scheme 3.2). The synthetic importance of these ortho-
acyl derivatives motivated us to further optimize the reaction conditions to increase
the yields. Unfortunately, the use of acetyl chloride to generate the methylated
analogous of 2h was ineffective, probably due to the high tendency of this
electrophile to hydrolize under the reaction conditions, while changing the CO;
addition protocol (e.g. using CO,-presaturated DESs or dry-ice as CO, sources) after
metalation only lead to the recovery of 2i in lower yield compared to the
aforementioned bubbling technique. Unfortunately, attempts with other
electrophiles conventionally employed as trapping agents under classical Schenk
conditions, including long-chain alkyl iodides (such as EtI and Bul), formates or
carbonates, borates (such as B(OMe)s and B(OPr)3), benzonitrile and Ph,PCl were
unsuccessful, and the starting material 1a was always recovered unreacted.

We next evaluated the impact of some functional group on the
(hetero)aromatic ring on the reaction outcomes (Figure 3.4).

0] 0] 0]

@ ) Meﬁ ] ﬁ ]
N(iPr), N(iPr), N(iPr),
MeO
1a 1b 1c
0
0
N(iP %
(Pr)z N N(Pr),
Cl Me
1d

1e

Figure 3.4. N, M-diisopropylamides 1a-e used for the scope analysis.
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Scheme 3.2. Scope of the ortho-lithiation reaction of N, A~diisopropylbenzamides 1a-e in a
CPME/DES (ChCl/Gly 1:2) mixture. Reaction conditions: 1a-e (0.2 mmol, 1.0 eq.), &BulLi
(1.7 Min pentane, 0.4 mmol, 2.0 eq.), CPME (0.2 mL, 1 M), ChClI/Gly 1:2 (1.0 g), electrophile
(1.0 mmol., 5 eq., unless otherwise stated). The yields reported are for products isolated
after flash column chromatography on silica gel. [a] The amount of the electrophile can be
reduced to 1.2 eq. without any loss in terms of yield. [b] I> was added as a 2 M solution in
2-MeTHF. [c] CO2 was bubbled for 15 s. [d] Overall percentage yield and overall percentage
deuteration (ratio o-D-1b: o-D-1b’ = 1:1). [e] Overall percentage yield (ratio 2j:2k =
1:1).

Metalation-deuteration of 1b-d took place in a total regioselective fashion
proximal to the amide moiety (up to 95% D), (a) both at the ortho and at the ortho-
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position in the case of 1b (and not in competition with lateral lithiation) and (b)
leaving the chloride unreacted in the case of 1d, and thus available for further
functionalization. Formylation of ortho-lithiated o-Li-1b with DMF afforded products
2j,k in 73% yield, however as an inseparable 1:1 mixture of regioisomers. On the
other hand, bromination and formylation of ortho-lithiated o-Li-1c and o-Li-1d led
to products 21,m in 83% and 61% yield, respectively. Interestingly, indole derivative
1le showed 90% deuterium incorporation at the 3-position when sequentially
treated with #BuLi and CDsOD, while provided product 2n in 68% yield when anion
o-Li-1e was quenched with PhCHO (Scheme 3.2).

3.3 Chemoselective SnAc in eutectic/ethereal mixture

The reactivity of the model substrate 1a was then explored toward other
organolithium reagents. When amide 1a was treated in a CPME/DES (ChCl/Gly 1:2)
mixture at room temperature under air with s-BuLi either in the presence or in the
absence of Mel as the electrophile, only the starting material was recovered.
Alternatively, using 7BuLi (2 eq.) as the nucleophilic reagent, only a mixture of
valerophenone 3a and alcohol 4a in 85:25 molar ratio (85% conversion) was
detected (Table 3.2, entry 1) in the crude reaction mixture. Notably, when amide
1a was treated with 7BulLi (2 eq.) in a CPME/DES (ChCl/Gly 1:2) mixture and
quenched after 2 seconds using Mel as the electrophile, ketone 3a and alcohol 4a
were again recovered as the sole products. These results clearly indicated how the
basicity/nucleophilicity of the organolithium dictates the chemoselectivity of the
reaction outcomes (Scheme 3.3). In the presence of a strong basic (and sterically
hindered) organolithium such as #BuLi only the metalation occurs, while using the
less basic (and more nucleophilic) alkyllithium of the series, namely 7#BulLi, only the
SnvAc pathway is feasible. Interestingly, using a middle-ground organolithium (s
BuLi) neither metalation nor nucleophilic substitution occur under these
unconventional conditions (Scheme 3.3).
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1) t-BuLi (2 eq.) Me O
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CPME (0.2 mL)
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nucleophilic basic

character character

Scheme 3.3. High chemoselective DoM-SnAc in eutectic/ethereal mixture: the
organolithium dictates the reaction outcome.

The good results observed in the preliminary experiment using m7BulLi as
nucleophile showed an unexpected tetrahedral intermediate stability despite the
protic environment. Therefore, we next explored different reaction conditions for
the SnAc pathway in other to increase the ketone 3a/alcohol 4a ratio. Coherently
with the DoM reaction, the use of pure ChCl/Gly 1:2 as solvent without CPME as an
additive led to an important decrease of conversion (Table 3.2, entry 2). A
remarkable chemoselectivity toward the SnAc pathway was similarly observed upon
replacing the Gly component of the DES with urea (Table 3.2, entry 3), whereas the
use of water or lactic acid (LA) as the HBD led to a lower or no conversion (Table
3.2, entries 4 and 5). The conversion was increased up to 90% and the ketone to
alcohol ratio improved up to 86:14 by running the acyl substitution at 0 °C (Table
3.2, entry 6). Even in this case, the stirring speed is crucial for the reactivity under
these heterogeneous conditions (Table 3.2, entry 7). Remarkably, the replacement
of the CPME/DES mixture with pure solvents such as CPME, 2-MeTHF and Gly led
to a significant decrease in terms of conversion and/or chemoselectivity (Table 3.2,
entries 8-10).

Under the optimized reaction conditions, other aliphatic and aromatic
commercially available organolithium reagents, ranging from MeLi to 7HexLi and
PhLi, have been reacted with 1a leading to the desired ketone derivatives 3b-d in
satisfactory yields (60-70%) (Table 3.2, entries 11-13). Pleasingly, also the
treatment of substituted (hetero)aryl amides (see Figure 3.4) 1b-e with ~7-Buli
afforded the corresponding ketones 3e-h in yields up to 50% after column
chromatography (Table 3.2, entries 14-17).
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Table 3.2. Nucleophilic acyl substitution promoted by organolithiums on N A
diisopropylcarboxamides 1a-e in different unconventional solvents.[?]

Q R2Li (2 eq.) Q oH
i under air " "
1a-e 3a-h 4a-h

Entry Solvent 1 R2 (OTC) (yieCI:ccl;r;Z w3 ra?;i':[d
1 ChCl/Gly 1:2[1 1a n-Bu 25 85 3a 83:17
2 ChCl/Gly 1:2 la n-Bu 25 20 3a 50:50
3 ChCl/urea 1:2[°] 1a n-Bu 25 80 3a 83:17
4 ChCl/H20 1:2[! la n-Bu 25 50 3a 66:33
5 ChCI/LA 1:2[b] la n-Bu 25 - 3a -
6 ChCl/Gly 1:2[] 1a n-Bu 0 90 (65) 3a 86:14
7 ChCl/Gly 1:2[b9] la n-Bu 0 60 3a 75:25
8 CPME 1a n-Bu 0 100 3a 75:25
9 2-MeTHF 1a n-Bu 0 70 3a 66:34
10 Gly 1a n-Bu 25 24 3a 50:50
11 ChCl/Gly 1:2[° la Mel®] 0 70 (60) 3b 83:17
12 ChCl/Gly 1:2[1 la n-Hex 0 87 (69) 3c  83:17
13 ChCl/Gly 1:2[° la Phtf] 0 89 (70) 3d 86:14
14 ChCl/Gly 1:2[° ib n-Bu 0 70 (50) 3e 86:14
15 ChCl/Gly 1:2[°] ic n-Bu 0 78 (56) 3f 80:20
16 ChCl/Gly 1:2[] id nBu 0 74 (50) 3g 83:17

17 ChCl/Gly 1:2[! le  nBu 0 90 (60) 3h  88:12

[a] Conditions: 1a-e (0.2 mmol, 1.0 eq.), DES or solvent (1 g). Reaction time of 20 s unless
otherwise stated. Commercially available solutions of n-BuLi (2.5 M in hexanes), PhLi (1.8 M in
dibutyl ether), n-HexLi (2.3 M in hexane), MeLi (1.6 M in DEE), s-BuLi (1.4 M in cyclohexane), &
BuLi (1.7 M in pentane) were used (0.4 mmol, 2 eq.). [b] CPME 0.2 mL. [c] Conversions and 3:4
ratios were determined by GC-FID analysis and/or 'H NMR spectroscopy. [d] In brackets, isolated
yield of ketone 3 after flash column chromatography on silica gel. [e] Reaction time: 60 s. [f]
Reaction time: 30 s. [g] ‘normal stirring’.
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3.4 Tandem approach

An interesting potentiality of this approach is the possibility to develop
multistep synthetic sequences exploiting the natural quenching of the lithiated
species under air-moisture without the necessity of adding water. As a basic
principle, ortho-functionalized carboxamides 2 obtained by directed ortho
metalation of 1 under our optimized reaction conditions could undergo other
organolithium-promoted transformations /n situ by treatment with an appropriated
organometallic agent. To this purpose, we designed a series of experiments
combining the two chemoselective methodologies previously developed in order to
obtain more functionalized product in one synthetic operational step (Scheme 3.4).

SMe O . SMe O
MelLi
NGPr), | —K— Me
- 2f - DoM + SyAc
approach
SQMez
I ] HO._M
(0] O\ (@] . eo
t-BulLi DMF MelLi
N(iPr)2 NGPry, | — XK= N(iPr),
CPME/
1a gggrc/ca"i/{ r1 't2 - 2c - DoM + nucleophilic
T addition approach
SzMez
1) t-BulLi
SMe O 2) DMIF SMe O
NGPr)y, | TR N(iPr),
- 2f - & DoM + Dom

approach

Scheme 3.4. Unsuccessful attempts to combine sequential organolithium-promoted
reactions in CPME/DES.

Unfortunately, all the attempts were unsuccessful as a probable
consequence of the reduced reactivity of the high hindered ortho-position, or a
possible breaking of the H-bond network of the DES promoted by the high reactivity
of strong basic compounds, or a combination of both.

Finally, we decided to combine our metalation protocol with another DES-
compatible reaction, such as metal catalyzed cross coupling, developed by several
research groups in recent years.'®2! We thus targeted tandem DoM/ Suzuki-Miyaura
(SM) approaches based on a preliminary regioselective ortho-lithiation/iodination of
amide 1a followed by an /n situ Pd-catalyzed SM reaction in the above-described
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eutectic mixture using different borates/boronic acids 5a-c (Scheme 3.5) as
nucleophilic partners. The resulting ortho-iodo derivative 2e was subjected to a SM
coupling reaction using 10 mol% of Pd(OAc),, thereby affording valuable ortho-
functionalized styryl or (hetero)aryl derivatives 6a-c in yields of up to 45% after
two steps in one pot.

5a or 5b or 5¢ (2.5 eq.)

0 1) t-BuLi(2eq.),2s 0 Pd(OAC), (10 mol%)
2)1;(1.2eq.) _ Na,CO3 (2.5 eq.)
N(iPr), N(iPr),
ChCl/Gly 1:2 ChCl/Gly 1:2
CPME I CPME
under air, r.t. 100 °C, under air
1a 2e
o} 0 o}
O N(iPr), N(iPr),
=
s/
6a (45%) 6b (35%) 6¢c (30%)

5a: phenylboronic acid; 5b: styryl-BF3K; 5¢: 2-thienylboronic acid pinacol ester

Scheme 3.5 Telescoped DoM/SM arylation/vinylation reactions starting from amide 1a in
a CPME/ChCl/Gly 1:2 mixture, and leading to adducts 6a-c.

3.5 Conclusion

Directed ortho metalation or nucleophilic acyl substitution processes, en
route to functionalized amides and ketones, can be conveniently carried out with
high chemo control starting from the same aromatic carboxylic acid amide, under
air, at room temperature or 0 °C, within a reaction time of up to 60 seconds and
using environmentally friendly eutectic mixtures in combination with CPME,
depending on the nature of the organolithium reagent. The use of #BulLi led to
ortho-lithiation processes, whereas the employment of less sterically encumbered
organolithium reagents favoured SyAc reaction. This work provides new insights for
the metalation of arenes bearing a DMGs under bench conditions without a strict
control of the experimental conditions (temperature and atmosphere) and the use
of expensive and toxic additives such as bidentate diamino ligands (TMEDA among
others). On the other hand, the low levels of tertiary alcohol by-products suggest
that DES plays a prominent role in stabilizing the tetrahedral intermediates.
Furthermore, both reactions proceed ‘on DES’ and the control of some operational
aspect (e.g. the vigorous stirring of the heterogeneous mixture, the use of an
ethereal additive) are crucial to obtain good level of reproducibility. In addition, we
have demonstrated the possibility of performing one-pot, telescoped ortho-
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lithiation/Pd-catalyzed Suzuki-Miyaura coupling reactions in DES mixtures, which are
of great value in terms of efficiency and environmental sustainability.

3.6 Experimental section
3.6.1 General information

Materials and methods. Unless specified, all reagents were used as received
without further purifications. N, A-dimethylformamide was distilled under vacuum from CaH:
prior to use. Ethyl benzoate and benzaldehyde were distilled under vacuum prior to use.
Reactions were monitored by GC-MS analysis or by thin-layer chromatography (TLC) carried
out on 0.25 mm silica gel coated aluminum plates (60 Merck F254) with UV light (254 nm)
as visualizing agent. Chromatographic separations were carried out under pressure on silica
gel (40-63 pm, 230-400 mesh) using flash-column techniques. The following solutions of
organolithium reagents were furnished by Aldrich and were used with the following
concentration: 7-BuLi 2.5 M in hexanes, s-BuLi 1.4 M in cyclohexane, #BuLi 1.7 M in
pentane, rHexLi 2.3 M in hexane, MeLi 1.6 M in DEE, and PhLi 1.8 M in dibutyl ether. The
exact concentration of the organolithium solutions was determined by titration with
diphenylacetic acid in anhydrous THF prior to use.?? N, A-diisopropylbenzamides 1a-e were
synthesized according to the procedures reported in the literature.?>% Deep Eutectic
Solvents (ChCI/LA 1:2; ChCl/urea 1:2; ChCl/Gly 1:2, ChCI/H20 1:2) were prepared by heating
under stirring at 60-80 °C for 10-30 min the corresponding individual components until a
clear solution was obtained.?” Full characterization data have been reported for both the
newly synthesized compounds and the known compounds.

Instrumentation. 'H NMR (600 MHz) and 3C{*H} (150 MHz) NMR spectra were
recorded on a Jeol ECZR600 spectrometer at room temperature using residual solvent peak
as an internal reference. 2H NMR (92.07 MHz) spectra were obtained in DCM using residual
CD2Cl2 as an internal reference. Chemical shifts (0) are given in parts per million (ppm) and
coupling constants (J) in Hertz (Hz). Multiplicities are reported as follows: s (singlet), d
(doublet), t (triplet), quint (quintet), sext (sextet), sept (septet), m (multiplet), br (broad).
Low-resolution MS spectra were recorded at an ionizing voltage of 70 eV on a HP 5989B
mass selective detector connected to an HP 5890 GC with a methyl silicone capillary column
(EI) or on a Micromass Quattro microTM API instrument (ESI, Waters Corporation, Milford,
MA, USA). GC analyses were performed on a PerkinElmer Autosistem XL chromatographic
system equipped with a methyl silicone capillary column. The MS flow-injection analyses
were run on a high resolving power hybrid mass spectrometer (HRMS) Orbitrap Fusion
(Thermo Scientific, Rodano, Italy), equipped with an a ESI ion source. The samples were
analyzed in acetonitrile solution using a syringe pump at a flow rate of 5 yL/min. The tuning
parameters adopted for the ESI source were source voltage 4.0 kV. The heated capillary
temperature was maintained at 275 °C. The mass accuracy of the recorded ions (vs. the
calculated ones) was £+ 2.5 mmu (milli-mass units). Analyses were run using both full MS
(150-2000 m/z range) and MS/MS acquisition, at 500000 resolutions (200 m/z).
Nitromethane was used as internal standard for quantitative NMR analyses on crude reaction
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mixtures. For each 'H NMR the amount of product was determined by applying the following
equation (Eq. 1):
x (product) -n (CH3NO,)

ield (%) = - 100
yield (%) n(starting material) f

where:
e xis the value of integral/number of protons;
e nis the amount of starting material or CH3sNO2 in mmol;
e fthe diluting factor used for the preparation of the sample

3.6.2 Synthesis of N,N-diisopropylcarboxamides 1a-e: general procedure

The appropriate carboxylic acid (10.0-50.0 mmol, 1.0 eq.) was dissolved in thionyl
chloride (10 eq.) and the solution was heated at reflux (80 °C) overnight. The solution was
cooled to room temperature and the excess of thionyl chloride was removed under vacuum.
The resulting acyl chloride was dissolved in dichloromethane (10-40 mL) then triethylamine
(1.5 eq.) and diisopropylamine (1.2 eq.) were sequentially added dropwise at 0 °C. The
mixture was warmed at room temperature and stirred until the reaction was completed
(TLC, 4-5 hours). The mixture was washed with 1 M aq. HCl (2 x 10-30 mL), then with a
saturated solution of Na2COs (2 x 10-30 mL). The combined organic layers were dried over
Na2S04, and the solvent was removed under reduced pressure to give the corresponding
amides 1a-e that were purified by flash column chromatography and/or by recrystallization.

3.6.3 Directed ortho-metalation in DESs: synthesis and analysis of products 2a-n

Reactions were performed under air at room temperature. In an open screw cap
vial, N, A-diisopropylcarboxamides 1a-e (0.2 mmol, 1 eq.) were dissolved in CPME (0.2 mL,
1 M), then ChCl/Gly 1:2 (1 g) was added and the resulting mixture was vigorously stirred
for 5 minutes. #BuLi (0.4 mmol, 2 eq.) was rapidly spread over the heterogeneous mixture,
which was kept under vigorous stirring and quenched by addition of a selected electrophile
after 2 seconds. The mixture was diluted with water (5 mL) and extracted with DEE (3 x 5
mL). The combined organic extracts were dried over Na.SO4 and the solvent removed under
reduced pressure. The crude products were purified by flash column chromatography on
silica gel.

N, N-Diisopropyl-2-methylbenzamide (2a): general procedure starting from 1a and
CHsI (5 eq.). Purification by flash column chromatography (PE/EtOAc 9/1 v/v) gave 2a as a
white solid (31 mg, 70%, Rr= 0.33 PE/EtOAc 9/1 v/v). 'H NMR (600 MHz, CDCl3): & 7.24-
7.21 (m, 1H), 7.19-7.16 (m, 2H), 7.09 (d, J = 7.4 Hz, 1H), 3.65 (sept, J = 6.7 Hz, 1H), 3.50
(sept, J= 6.7 Hz, 1H), 2.31 (s, 3H), 1.57 (d, J = 7.0 Hz, 3H) superimposed to 1.57 (d, J=
6.8 Hz, 3H), 1.12 (d, J = 6.7 Hz, 3H), 1.07 (d, J = 6.7 Hz, 3H). 3C{'H} NMR (150 MHz,
CDCls): 6 170.8, 138.8, 133.7, 130.5, 128.2, 125.9, 124.8, 50.9, 45.9, 21.1, 20.9, 20.8, 20.7,
18.9. EI-MS m/z (%): 219 (M*, 19), 218 (11), 176 (19), 119 (100), 91 (25).%8
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2-Deuterio- N, N-diisopropylbenzamide (o-D-1a): general procedure starting from 1a
and CDsOD. Purification by flash column chromatography (PE/EtOAc 8/2 v/v) gave o-D-1a
(86% D incorporation) as a white solid (27 mg, 66%, Rs= 0.32 PE/EtOAc 8/2 v/v). 'H NMR
(600 MHz, CDCl3): 6 7.38-7.35 (m, 3H), 7.31-7.29 (m, 1H), 3.99-3.29 (br m, 2H), 1.68-0.99
(br m, 12H). 3C{1H} NMR (150 MHz, CDCl3): & 171.2, 139.0 (t, /= 15.1 Hz, 1C), 128.7,
128.6, 128.5, 125.4 (t, J = 24.3 Hz, 1C), 51.0, 46.0, 20.9. ?H NMR (92.07 MHz, dc): 5 7.31
(s). EI-MS my/z (%): 206 (M*, 10), 163 (21), 107 (48), 106 (100), 105 (39).28

2-(Hydroxy(phenyl)methyl)-N, N-diisopropylbenzamide (2b): general procedure
starting from 1a and PhCHO (5 eq.). Purification by flash column chromatography (PE/EtOAc
9/1 v/v) gave 2b as a yellow semisolid (37 mg, 60%, Rr= 0.13 PE/EtOAc 9/1 v/v). H NMR
(600 MHz, CDCls, mixture of rotamers): & 7.53 (dd, 7= 7.7, 1.3 Hz, 2H minor), 7,41 (td, J
= 7.6, 1.5 Hz, 2H minor), 7.37-7.33 (m, 4H major), 7.31-7.28 (m, 2H minor), 7.29-7.25 (m,
4H major), 7.19-7.16 (m, 1H major), 7.17-7.15 (m, 2H minor), 7.13-7.09 (m, 1H minor),
5,97 (s, 1H minor), 5.74 (s, 2H major), 4.09 (br s, 1H minor), 3.86 (sept, J = 6.7 Hz, 1H
minor), 3.56-3.49 (m, 1H minor), 3.50-3.43 (m, 1H major), 3.25 (sept, 7 = 6.8 Hz, 1H
major), 1.58 (d, 7= 6.8 Hz, 3H minor) superimposed to 1.56 (d, J= 6.8 Hz, 3H minor), 1.41
(d, 7= 6.9 Hz, 3H major), 1.28 (d, J = 6.8 Hz, 3H major), 1.19 (d, J = 6.6 Hz, 3H minor),
1.07 (d, J = 6.7 Hz, 3H major), 0.97 (d, J = 6.7 Hz, 3H minor), 0.39 (d, 7= 6.7 Hz, 3H
major). 13C{1H} NMR (150 MHz, CDCls, mixture of rotamers): 6 172.1, 171.5, 144.3, 143.0,
141.9, 141.6, 137.8, 136.6, 131.4, 129.6, 129.2, 128.5, 128.4, 128.2, 127.5, 127.5, 127.3,
127.3, 127.2, 126.7, 126.2, 124.9, 77.1 (major), 72.9 (minor), 51.5 (minor), 51.2 (major),
46.3 (minor), 46.3 (major), 20.8 (minor), 20.6 (minor), 20.6 (major), 20.5 (minor), 20.2
(major), 20.2 (major). EI - MS m/z (%): 311 (M*, 3), 210 (83), 209 (100), 194 (23), 181
(18), 165 (24), 133 (32). ESI-HRMS [M+Na]*: my/z 334.1780, CxoH2sNO2Na* requires
334.1778.

2-Formyl-N, N-diisopropylbenzamide (2c): general procedure starting from 1a and
DMF (5 eq.). Purification by flash column chromatography (PE/EtOAc 6/4 v/v) gave 2c as a
white solid (32 mg, 68%, Rr= 0.34 PE/EtOAc 6/4 v/v). *H NMR (600 MHz, CDCl3): & 10.09
(s, 1H), 7.92 (dd, 7= 7.8, 1.0 Hz, 1H), 7.61 (td, 7= 7.5, 1.3 Hz, 1H) 7.50 (td, 7= 7.6, 0.6
Hz, 1H), 7.28 (d, J= 7.4 Hz, 1H), 3.60-3.54 (m, 2H), 1.60 (d, 7= 6.6 Hz, 6H), 1.09 (d, J=
6.7 Hz, 6H). 3C{1H} NMR (150 MHz, CDCl3): 6 190.8, 168.4, 141.30, 134.4, 132.7, 129.8
128.8, 126.1, 51.3, 46.3, 20.6. EI-MS m/z (%): 233 (M*, 1), 190 (42), 148 (33), 133 (100),
105 (37), 100 (17).°

2-Bromo- N, N-diisopropylbenzamide (2d): general procedure starting from 1a and 1,2-
dibromoethane (1.2 eq.). Purification by flash column chromatography (DCM/EtOAc 96/4
v/v) gave 2d as a white solid (37 mg, 65%, Rr= 0.40 DCM/EtOAc 96/4 v/v). *H NMR (600
MHz, CDCls): & 7.55 (dd, 7= 8.0, 0.8 Hz, 1H), 7.32 (td, J= 7.5, 1.0 Hz, 1H), 7.21-7.17 (m,
2H) 3.60 (sept, J = 6.7 Hz, 1H), 3.52 (sept, J = 6.7 Hz, 1H), 1.58 (d, J = 6.9 Hz, 3H)
superimposed to 1.56 (d, 7= 6.9 Hz, 3H), 1.24 (d, J= 6.7 Hz, 3H), 1.06 (d, 7= 6.7 Hz,
3H). BC{1H} NMR (150 MHz, CDCl3): d 168.3, 140.3, 133.0, 129.6, 127.7, 126.7, 119.1,
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51.3, 46.1, 20.9, 20.8, 20.8, 20.2. EI-MS m/z (%): 285 (M*, 13), 283 (M*, 13), 242 (29),
240 (29), 185 (95) 183 (100).23

2-Iodo- N, N-diisopropylbenzamide (2e): general procedure starting from 1a and I (5
eq.) in 2-MeTHF (2 M) solution. Purification by flash column chromatography (DCM/EtOAc
96/4 v/v) gave 2e as a white solid (41 mg, 62%, Rr= 0.46 DCM/EtOAc 96/4 v/v). 'H NMR
(600 MHz, CDCIs): & 7.81 (dd, J= 8.0, 1.0 Hz, 1H), 7.35 (td, 7= 7.5, 1.0 Hz, 1H), 7.14 (dd,
J=17.6,1.6 Hz, 1H), 7.03 (td, 7= 7.6, 1.6, 1H), 3.58 (sept, J = 6.6 Hz, 1H), 3.51 (sept, J
= 6.6 Hz, 1H), 1.60 (d, 7= 6.8 Hz, 3H), 1.56 (d, 7= 6.8 Hz, 3H), 1.27 (d, J= 6.7 Hz, 3H),
1.06 (d, J = 6.7 Hz, 3H). 3C{1H} NMR (150 MHz, CDCl3): d 170.0, 144.4, 139.5, 129.6,
128.3, 126.0, 92.4, 51.4, 46.1, 20.9, 20.8, 20.2. EI-MS my/z (%): 331 (M*, 18), 330 (16),
288 (31), 231 (100), 203 (17).%8

N, N-Diisopropyl-2-(methylthio)benzamide (2f): general procedure starting from 1a
and (SMe)2 (1.2 eq.). Purification by flash column chromatography (PE/EtOAc 9/1 v/v) gave
2f as a white solid (32 mg, 63%, Rr= 0.10 PE/EtOAc 9/1 v/v), mp 132.1-133.0 °C. *H NMR
(600 MHz, CDCl5): & 7.29 (d, J= 7.3 Hz, 2H), 7.18-7.15 (m, 1H), 7.10 (d, J= 7.4 Hz, 1H),
3.60 (sept, 7= 6.8 Hz, 1H), 3.51 (sept, J = 6.8 Hz, 1H), 2.47 (s, 3H), 1.59 (d, J = 6.8 Hz,
3H) superimposed to 1.56 (d, /= 6.8 Hz, 3H), 1.21 (d, J= 6.4 Hz, 3H), 1.05 (d, /= 6.4 Hz,
3H). BC{1H} NMR (150 MHz, CDCl3): & 169.1, 139.2, 134.7, 128.7, 127.6, 125.7, 125.5,
51.2, 46.0, 20.9, 20.4, 16.7. EI - MS m/z(%): 253 (M*, 1), 251 (M*, 17), 250 (14), 153 (6),
151 (100). ESI-HRMS [M+Na]*: my/z274.1237, C1sH21NOSNa* requires 274.1236.

N, N-Diisopropyl-2-(trimethylsilyl)benzamide (2g) general procedure starting from
1a and TMSI (5 eq.). Purification by flash column chromatography (DCM/EtOAc 96/4 v/v)
gave 2g as a white solid (39 mg, 70%, Rr= 0.23 DCM/EtOAc 96/4 v/v). 'H NMR (600 MHz,
CDCl3): 8 7.61-7.59 (m, 1H), 7.34-7.29 (m, 2H), 7.17-7.14 (m, 1H), 3.80 (sept, J = 6.6 Hz,
1H), 3.49 (sept, J= 6.6 Hz, 1H), 1.56 (br s, 6H), 1.15 (br s, 6H), 0.31 (s, 9H). 3C{1H} NMR
(150 MHz, CDCls): 0 172.4, 144.2, 138.3, 135.4, 128.3, 127.8, 125.3, 51.0, 45.9, 20.8, 0.3.
EI-MS my/z(%): 277 (M*, 14), 262 (42), 218 (60), 204 (29); 178 (46), 177 (100), 160 (25).28

2-Benzoyl- N, N-diisopropylbenzamide (2h): general procedure starting from 1a and
PhCOOEt (5 eq.). Purification by flash column chromatography (PE/EtOAc 8/2 v/v) gave 2h
as a white solid (14 mg, 23%, Rr= 0.20 PE/EtOAc 8/2 v/v). 'H NMR (600 MHz, CDCl3): &
7.81 (dd, J= 8.3, 1.2 Hz, 2H), 7.56 (tt, /= 7.4, 1.2 Hz, 1H), 7.51 (td, J= 7.5, 1.2 Hz, 1H),
7.48-7.42 (m, 3H), 7.39 (td, 7= 7.6, 1.1 Hz, 1H) 7.33 (d, J = 7.6 Hz, 1H), 3.84 (sept, J =
6.7 Hz, 1H), 3.45 (sept, J= 6.7 Hz, 1H), 1.43 (br s, 6H), 1.20 (br s, 6H). 13C{1H} NMR (150
MHz, CDCl3): 8 196.9, 169.7, 140.0, 137.5, 136.9, 133.0, 130.9, 130.5, 130.1, 128.4, 127.6,
126.2, 51.5, 45.9, 20.3. EI-MS m/z (%): 309 (M*, 2), 210 (41), 209 (100), 152 (23), 100
(30).%°

2-(Diisopropylcarbamoyl)benzoic acid (2i): general procedure starting from 1a and
CO2 (bubbled for 15 seconds). Purification by flash column chromatography (PE/EtOAc 1/1
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v/v + HCOOH 0.5%) gave 2i as a white solid (17 mg, 34%, Rr= 0.32 PE/EtOAc 1/1 v/v +
HCOOH 0.5%). 'H NMR (600 MHz, CDCls): & 8.80 (br s, 1H), 8.07 (dd, J= 7.9, 1.3 Hz, 1H),
7.57 (td, J= 7.5, 1.3 Hz, 1H), 7.43 (td, J = 7.4, 1.1 Hz, 1H), 7.23 (dd, J = 7.5, 0.9 Hz, 1H),
3.58 (sept, J = 6.6 Hz, 1H) superimposed to 3.52 (sept, 7= 6.6 Hz, 1H), 1.58-1.56 (br m,
6H), 1.14-1.07 (br m, 6H). 3C{1H} NMR (150 MHz, CDCl3): d 170.3, 170.2, 140.7, 133.4,

131.6, 128.4, 126.4, 126.2, 51.4, 46.0, 20.8, 20.6, 20.1, 19.9. ESI-MS m/z. 248.17 [M-H]
31

2-Deuterio- N, N-diisopropyl-3-methylbenzamide (o-D-1b) and 6-Deuterio-N,N-
diisopropyl-3-methylbenzamide (o-D-1b’): general procedure starting from 1b and
CDsOD. Purification by flash column chromatography (PE/EtOAc 9/1 v/v) gave an
inseparable mixture of o-D-1b (30% D incorporation) and o-D-1b’ (34% D incorporation)
as a white solid (41 mg, 93%, Rr= 0.20 PE/EtOAc 9/1 v/v). 'H NMR (600 MHz, CDCl3): &
7.26-7.23 (m, 1H), 7.16 (d, J= 7.6 Hz, 1H), 7.11 (s, 1H, 30%D), 7.08 (d, 7= 7.6 Hz, 1H,
34%D), 3.95-3.38 (br m, 2H), 2.35 (s, 3H), 1.77-0.94 (br m, 12H). 3C{*H} NMR (150 MHz,
CDCl3): 6 171.3, 139.1, 139.0, 138.4, 138.3, 129.4, 128.4, 128.3, 126.4, 122.3 (t, J= 23.8
Hz, 1C), 50.9, 45.9, 21.5, 21.5, 20.8. 2H NMR (92.07 MHz, CHxCl>): d 7.11 (s). EI-MS m/z
(%): 220 (M*, 17), 176 (24), 177 (22), 120 (86), 119 (100), 91 (27). ESI-HRMS [M+Na]*:
myz 243.1571, C14aH20DNONa* requires 243.1578.

2-Deuterio- N, N-diisopropyl-4-methoxybenzamide (o0-D-1c): general procedure
starting from 1c and CDsOD. Purification by flash column chromatography (PE/EtOAc 8/2
v/v) gave o-D-1c (78% D incorporation) as a yellow oil (47 mg, 99%, Rr= 0.25 PE/EtOAc
8/2 v/v). *H NMR (600 MHz, acetone-dk): 6 7.27-7.25 (m, 1H), 6.95-6.94 (m, 2H), 3.86-3.62
(br m, 2H) superimposed to 3.82 (s, 3H), 1.32 (br s, 12H). 3C{*H} NMR (150 MHz, acetone-
a): 0 171.0, 160.9, 132.9 (t, 7= 13.9 Hz, 1C), 128.0 (t, /= 21.1 Hz, 1C), 114.5, 114.4,
55.7, 49.2, 21.1. 2H NMR (92.07 MHz, CH2Cl2): d 7.27 (s). EI-MS my/z (%): 236 (M*, 10),
193 (20), 137 (36), 136 (100). ESI-HRMS [M+Na]*: m/z259.1527, C14H20DNO2Na* requires
259.1527.

4-Chloro-2-deuterio-N, N-diisopropylbenzamide (o0-D-1d): general procedure
starting from 1d and CD3OD. Purification by flash column chromatography (PE/EtOAc 9/1
v/v) gave o-D-1d (95% D incorporation) as a white solid (39 mg, 82%, Rr= 0.22 PE/EtOAc
9/1 v/v). H NMR (600 MHz, CDCls): & 7.35-7.34 (m, 2H), 7.25-7.24 (m, 1H), 3.76-3.46 (br
m, 2H), 1.49-1.15 (br m, 12H). 3C{*H} NMR (150 MHz, CDCl3): & 170.0, 137.3 (t, J = 13.3
Hz, 1C), 134.7, 128.9, 128.8, 127.0 (t, J = 24.6 Hz, 1C), 51.1, 46.1, 20.8. 2H NMR (92.07
MHz, CH2Cl2): 8 7.27 (s). EI-MS my/z (%): 242 (M*, 4), 240 (M*, 10), 199 (9), 197 (22), 143
(14), 142 (36), 141 (58), 140 (100). ESI-HRMS [M+Na]*: m/z 263.1033, Ci13H17DCINONa*
requires 263.1032.

2-Formyl-N, N-diisopropyl-3-methylbenzamide (2j) and 2-formyl-N, N-

diisopropyl-5-methylbenzamide (2k): general procedure starting from 1b and DMF (5

eq.). Purification by flash column chromatography (PE/EtOAc 75/25 v/v) gave an inseparable
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mixture of regioisomers 2j and 2k in 1:1 ratio as a white solid (36 mg, 73%, Rr= 0.25
PE/EtOAc 75/25 v/v).*H NMR (600 MHz, CDCls): d 10.33 (s, 1H), 10.02 (s, 1H), 7.81 (d, J=
7.9Hz, 1H), 7.44 (t, J=7.6 Hz, 1H), 7.29 (d, 7= 7.9, 1H), 7.23 (d, J= 7.6, 1H), 7.10 (d, J
= 7.6 Hz, 1H), 7.07 (s, 1H), 3.60-3.52 (m, 4H), 2.66 (s, 3H), 2.42 (s, 3H), 1.65-1.52 (br m,
12H), 1.13-1.04 (br m, 12H). 3C{*H} NMR (150 MHz, CDCl3): 6 191.7, 190.4, 169.3, 168.6,
145.7, 142.8, 141.5, 141.4, 133.5, 131.9, 130.3, 130.1, 129.9, 129.6, 126.6, 123.9, 51.3,
51.3, 46.2, 46.1, 22.0, 20.8, 20.7, 20.6, 20.5. EI-MS m/z (%): 2j: 247 (M*, 1), 204 (65),
162 (58), 147 (100), 119 (36); 2k: 247 (M*, 1), 204 (53), 162 (41), 147 (100), 119 (39).%*?

2-Bromo- N, N-diisopropyl-4-methoxybenzamide (2I): general procedure starting
from 1c and 1,2-dibromoethane (1.2 eq.). Purification by flash column chromatography
(DCM/EtOAC 96/4 v/v) gave 2l as a white solid (52 mg, 83%, Rr= 0.30 DCM/EtOAc 96/4
v/v). 'H NMR (600 MHz, CDClz): d 7.09-7.08 (m, 2H), 6.84 (dd, J = 8.4, 2.4 Hz, 1H), 3.79
(s, 3H), 3.62 (sept, J = 6.7 Hz, 1H), 3.49 (sept, J = 6.7 Hz, 1H), 1.56 (d, J = 6.8 Hz, 3H)
superimposed to 1.54 (d, J = 6.8 Hz, 3H), 1.22 (d, J = 6.7 Hz, 3H), 1.05 (d, J = 6,7 Hz,
3H). B3C{*H} NMR (150 MHz, CDCl3): 0 168.4, 159.8, 132.9, 127.4, 119.6, 118.0, 113.8,
55.7, 51.3, 46.0, 21.0, 20.8, 20.8, 20.2. EI-MS m/z (%): 315 (M*, 9), 313 (M*, 10), 272
(27), 270 (28), 258 (4), 256 (4), 215 (97), 213 (100).33

4-Chloro-2-formyl-N, N-diisopropylbenzamide (2m): general procedure starting from
1d and DMF (5 eq.). Purification by flash column chromatography (PE/EtOAc 9/1 v/v) gave
2m as a white solid (32 mg, 61%, Rr= 0.30 PE/EtOAc 9/1 v/v). 'H NMR (600 MHz, CDCl3):
010.03 (s, 1H), 7.90 (d, J= 2.1 Hz, 1H), 7.58 (dd, J= 8.1, 2.2 Hz, 1H) 7.24 (d, 7= 8.0 Hz,
1H), 3.56 (sept, J= 6.6 Hz, 2H), 1.58 (d, J= 6.8 Hz, 6H), 1.10 (d, J = 6.7 Hz, 6H). 3C{'H}
NMR (150 MHz, CDCls): & 189.3, 167.3, 139.6, 135.2, 134.2, 133.8, 129.3, 127.6, 51.4,
46.4, 20.6, 20.5. EI-MS my/z (%): 267 (M*, 1), 226 (13), 224 (41), 184 (10), 182 (31), 169
(33), 167 (100), 141 (11), 139 (36).>*

3-Deuterio-N, N-diisopropyl-1-methyl-1 H-indole-2-carboxamide (o-D-1e):
general procedure starting from 1e and CDsOD. Purification by flash column
chromatography (PE/DEE 8/2 v/v) gave o-D-1e (83% D incorporation) as a white solid (47
mg, 90%, Rr= 0.20 PE/DEE 8/2 v/v). 'H NMR (600 MHz, CDCl3): 6 7.62 (d, J= 8.0 Hz, 1H),
7.35 (d, 7 = 8.3 Hz, 1H), 7.29-7.26 (m, 1H), 7.16-7.12 (m, 1H), 4.47-3.38 (br m, 2H)
superimposed to 3.78 (s, 3H), 1.85-0.96 (br m, 12H). BC{'H} NMR (150 MHz, CDCl3): &
164.1, 137.3, 134.9, 126.9, 122.6, 121.4, 120.2, 109.8, 99.9 (t, /= 26.2 Hz, 1C), 51.0, 45.9,
30.9, 21.0. 2H NMR (92.07 MHz, CH2Cl2): & 6.49 (s), 3.73 (t, 7 = 2.0 Hz). EI-MS m/z (%):
259 (M*, 22), 159 (100), 132 (73), 90 (38). ESI-HRMS [M + Nal*: m/z 282.1684,
C1sH21DN2ONa* requires 282.1687.

3-(Hydroxy(phenyl)methyl)-N, N-diisopropyl-1-methyl-1 A-indole-2-

carboxamide (2n): general procedure starting from 1e and PhCHO (5 eq.). Purification

by flash column chromatography (PE/EtOAc 75/25 v/v) gave 2n as a white solid (50 mg,

68%, Rr= 0.25 PE/EtOAc 75/25 v/v), mp 59.0-60.2 °C. 'H NMR (600 MHz, CDCls, mixture
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of rotamers): 8 7.61-6.91 (m, 18H major + minor), 6.12 (d, 7= 6.0 Hz, 1H major), 6.07 (d,
J = 4.2 Hz, 1H minor), 3.88-3.75 (m, 2H minor), 3.71 (s, 3H minor), 3.70 (s, 3H major),
3.60-3.43 (m, 3H major), 2.76 (br s, 1H minor), 1.62 (d, 7= 6.8 Hz, 3H minor) superimposed
1.59 (d, 7= 6.8 Hz, 3H major) superimposed to 1.57 (d, 7= 6.8 Hz, 3H minor) superimposed
to 1.55 (d, J = 6.8 Hz, 3H major), 1.18 (d, J = 6.8 Hz, 3H minor) superimposed to 1.16 (d,
J = 6.6 Hz, 3H major), 1.03 (d, J = 6.6 Hz, 3H minor), 0.79 (d, 7 = 6.6 Hz, 3H major).
13C{*H} NMR (150 MHz, CDCl3, mixture of rotamers): 5 164.5, 144.4, 143.2, 137.0, 136.8,
134.3, 133.6, 128.5, 128.2, 127.6, 127.2, 126.8, 126.0, 125.8, 125.5, 122.9, 122.6, 121.1,
120.4, 120.1, 116.9, 114.7, 109.8, 109.6, 70.3 (minor), 69.0 (major), 51.5 (minor), 51.4
(minor), 46.5 (major), 46.4 (major), 31.1 (major), 30.8 (minor), 21.0 (major), 20.7 (minor),
20.5 (major + minor), 20.5 (major + minor), 20.3 (minor). EI-MS m/z (%): 364 (M*, 22),
263 (89), 262 (100), 247 (27), 218 (20), 158 (38). ESI-HRMS [M+Na]*: my/z 387.2043,
C23H28N202Na* requires 387.2043.

3.6.3  Nucleophilic acyl substitutions in DES: synthesis and analysis of ketones 3a-h

Reactions were performed under air at 0 °C. In an open screw cap vial, N\
diisopropylcarboxamides 1a-e (0.2 mmol, 1 eq.) were dissolved in CPME (0.2 mL, 1 M),
then ChCl/Gly 1:2 (1 g) was added and the resulting mixture was vigorously stirred for 5
minutes. The appropriate organolithium reagent (0.4 mmol, 2 eq.) was rapidly spread over
the heterogeneous mixture, which was vigorously stirred for 20 s (30 s for PhLi, 60 s for
MelLi) and then diluted with water. The mixture was extracted with DEE (3 x 5 mL), the
combined organic layers were washed twice with 1 M HCI (5 mL), dried over Na2SO4 and
the solvent removed under reduced pressure. The crude ketones were purified by flash
column chromatography on silica gel.

1-Phenylpentan-1-one (3a): general procedure starting from 1a and n-Buli. Purification
by flash column chromatography (PE/DEE 95/5 v/v) gave 3a as colourless liquid (21 mg,
65%, Rr= 0.54 PE/DEE 95/5 v/v). 'H NMR (600 MHz, CDCl3): & 7.97-7.95 (m, 2H), 7.56-
7.54 (m, 1H), 7.47-7.44 (m, 2H), 2.97 (t, J= 7.4 Hz, 2H), 1.73 (quint, J= 7.3 Hz, 2H), 1.42
(sext, J = 7.3 Hz, 2H), 0.96 (t, 7= 7.4 Hz, 3H). 3C{*H} NMR (150 MHz, CDCl3): 6 200.8,
137.2, 133.0, 128.7, 128.2, 38.5, 26.6, 22.6, 14.1. EI-MS m/z (%): 162 (M*, 80), 120 (49),
105 (100), 77 (46).%

Acetophenone (3b): general procedure starting from 1a and Meli. Purification by flash
column chromatography (PE/EtOAc 9/1 v/v) gave 3b as colourless liquid (15 mg, 60%, Rr
= 0.46 PE/EtOAc 9/1 v/v). 'H NMR (600 MHz, CDCl3): & 7.97-7.95 (m, 2H), 7.58-7.55 (m,
1H), 7.48-7.45 (m, 2H), 2.61 (s, 3H). 3C{*H} NMR (150 MHz, CDCl3): & 198.4, 137.2, 133.3,
128.7, 128.5, 26.8. EI-MS m/z (%): 120 (M*, 34), 105 (100), 77 (75), 51 (24).3¢

1-Phenylheptan-1-one (3c): general procedure starting from 1la and mHexLi.
Purification by flash column chromatography (PE/DEE 95/5 v/v) gave 3c as colourless liquid
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(26 mg, 69%, Rr= 0.57 PE/DEE 95/5 v/v). 'H NMR (600 MHz, CDCls): & 7.97-7.95 (m, 2H),
7.56-7.54 (m, 1H), 7.47-7.44 (m, 2H), 2.96 (t, J= 7.1 Hz, 2H), 1.73 (quint, J = 7.5 Hz, 2H),
1.41-1.30 (m, 6H), 0.91-0.88 (m, 3H). 3C{'H} NMR (150 MHz, CDCl3): 200.8, 137.2, 133.0,
128.7, 128.2, 38.8, 31.8, 29.2, 24.5, 22.7, 14.2. 8. EI-MS m/z(%): 190 (M*, 10), 120 (77),
105 (100), 77 (40).3

Benzophenone (3d): general procedure starting from 1a and PhLi. Purification by flash
column chromatography (PE/EtOAc 9/1 v/v) gave 3d as white solid (25 mg, 70%, Rr= 0.50
PE/EtOAc 9/1 v/v). *H NMR (600 MHz, CDCl3): 6 7.83-7.78 (m, 4H), 7.61-7.58 (m, 2H), 7.50-
7.47 (m, 4H). 3C{*H} NMR (150 MHz, CDCl3): & 196.9, 137.7, 132.6, 130.2, 128.4. EI-MS
my/z (%): 182 (M+, 74), 105 (100), 77 (56), 51 (18).3

1-(m-Tolyl)pentan-1-one (3e): general procedure starting from 1b and Buli.
Purification by flash column chromatography (PE/DEE 95/5 v/v) gave 3e as colourless liquid
(18 mg, 50%, Rr= 0.60 PE/DEE 95/5 v/v). 'H NMR (600 MHz, CDCl3): d 7.77-7.74 (m, 2H),
7.37-7.33 (m, 2H), 2.95 (t, J= 7.1 Hz, 2H), 2.41 (s, 3H), 1.71 (quint, J= 7.6 Hz, 2H), 1.40
(sext, J= 7.5 Hz, 2H), 0.95 (t, J= 7.4 Hz, 3H). 3C{'H} NMR (150 MHz, CDCl3): 5 201.0,
138.5, 137.3, 133.7, 128.7, 128.5, 125.4, 38.5, 26.7, 22.6, 21.5, 14.1. EI-MS m/z(%): 176
(M*, 13), 134 (42), 119 (100), 91 (44).38

1-(3-Methoxyphenyl)pentan-1-one (3f): general procedure starting from 1c and n-
BuLi. Purification by flash column chromatography (PE/DEE 9/1 v/v) gave 3f as colourless
liquid (21 mg, 56%, Rr= 0.37 PE/DEE 9/1 v/v). 'H NMR (600 MHz, CDCl3): & 7.95-7.93 (m,
2H), 6.94-6.91 (m, 2H), 3.86 (s, 3H), 2.91 (t, 7= 7.4 Hz, 2H), 1.70 (quint, J = 7.5 Hz, 2H),
1.40 (sext, J = 7.6 Hz, 2H), 0.95 (t, 7 = 7.4 Hz, 3H). 3C{*H} NMR (150 MHz, CDCl3): &
199.4, 163.4, 130.5, 130.3, 113.8, 55.6, 38.2, 26.9, 22.7, 14.1. EI-MS m/z (%): 192 (M*,
4), 150 (46), 135 (100), 107 (8).38

1-(3-Chlorophenyl)pentan-1-one (39): general procedure starting from 1d and /-BulLi.
Purification by flash column chromatography (PE/DEE 95/5 v/v) gave 3g as colourless liquid
(20 mg, 50%, Rr= 0.57 PE/DEE 95/5 v/v). 'H NMR (600 MHz, CDCl3):  7.91-7.88 (m, 2H),
7.44-7.42 (m, 2H), 2.93 (t, J= 7.6 Hz, 2H), 1.71 (quint, J= 7.3 Hz, 2H), 1.40 (sext, J= 7.6
Hz, 2H), 0.95 (t, 7 = 7.3 Hz, 3H). B3C{'H} NMR (150 MHz, CDCl3): & 199.5, 139.4, 135.5,
129.6, 129.0, 38.5, 26.5, 22.6, 14.1. EI-MS m/z (%): 196 (M*, 1), 156 (19), 154 (56), 141
(34), 139 (100), 113 (10), 111 (31).38

1-(1-Methyl-1H-indol-2-yl)pentan-1-one (3h): general procedure starting from 1e
and rBuli. Purification by flash column chromatography (PE/DEE 9/1 v/v) gave 3h as white
solid (26 mg, 60%, Rr= 0.43 PE/DEE 9/1 v/v). 'H NMR (600 MHz, CDCl3): 8 7.70 (d, J =
8.1 Hz, 1H), 7.40-7.37 (m, 2H), 7.30 (s, 1H), 7.18-7.14 (m, 1H), 4.08 (s, 3H), 2.97 (t, J=
7.4 Hz, 2H), 1.76 (quint, J = 7.7 Hz, 2H), 1.44 (sext, J= 7.7 Hz, 2H), 0.98 (t, /= 7.5 Hz,
3H). 3C{*H} NMR (150 MHz, CDCl3): d 194.6, 140.1, 135.1, 125.9, 125.9, 123.0, 120.8,
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111.3, 110.5, 39.9, 32.3, 27.5, 22.7, 14.1. EI-MS m/z (%): 215 (M*, 59), 173 (39), 159
(41), 158 (100), 144 (16), 131 (27), 89 (50).%°

3.6.4 Telescoped DoM/Suzuki-Miyaura coupling reaction: synthesis and analysis of
compounds 6éa-c

In an open screw cap vial, N, A~diisopropylbenzamide 1a (0.2 mmol, 1.0 eq.) was
dissolved in CPME (0.2 mL, 1 M), then ChCl/Gly 1:2 (1 g) was added and the resulting
mixture was vigorously stirred for 5 minutes. #BuLi (0.4 mmol, 2.0 eq.) was rapidly spread
over the heterogeneous mixture, which was kept under vigorous stirring then quenched by
addition of iodine (2 M solution in 2-MeTHF, 0.24 mmol, 1.2 eq., 0.12 mL) after 2 seconds.
Then the selected boronic coupling partner 5a-c (0.5 mmol, 2.5 eq.), Na2COs (0.5 mmol,
2.5 eq.) and Pd(OAc)2 (0.02 mmol, 0.1 eq.) were sequentially added and the reaction
mixture was stirred overnight at 100 °C under air. The mixture was cooled to room
temperature, filtered through a Celite pad, then extracted with 1 mL of CPME and
concentrated under reduced pressure. Purification by flash column chromatography give the
pure product 6a-c.

N, N-Diisopropyl-[1,1'-biphenyl]-2-carboxamide (6a): General procedure using
phenyl boronic acid 5a. Purification by flash column chromatography (toluene/EtOAc 9/1
v/v) gave 6a as a white solid (25 mg, 45%, Rr= 0.38 toluene/EtOAc 9/1 v/v). *H NMR (600
MHz, CDCl3): & 7.57-7.55 (m, 2H), 7.42-7.26 (m, 7H), 3.43 (sept, J = 6.8 Hz, 1H), 3.22
(sept, J= 6.7 Hz, 1H), 1.52 (d, 7= 6.8 Hz, 3H), 1.28 (d, /= 6.7 Hz, 3H), 0.89 (d, J = 6.7
Hz, 3H), 0.32 (d, J = 6.7 Hz, 3H). 3C{*H} NMR (150 MHz, CDCls): d 170.4, 140.0, 138.1,
137.8, 129.5, 129.4, 128.6, 128.4, 127.7, 127.7, 126.7, 50.7, 45.7, 21.0, 20.9, 19.6, 19.6.
EI-MS m/z (%): 281 (M*, 23), 280 (25), 238 (31), 181 (100), 152 (36).%8

(E)-N, N-Diisopropyl-2-styrylbenzamide (6b): General procedure using potassium
styryltrifluoroborate 5b. Purification by flash column chromatography (toluene/EtOAc 9/1
v/v) give 6b as a white solid (22 mg, 35%, Rr= 0.40 toluene/EtOAc 9/1 v/v). 'H NMR (600
MHz, CDCl3): & 7.67 (d, J = 7.9 Hz, 1H), 7.46-7.44 (m, 2H), 7.35-7.31 (m, 3H), 7.28-7.23
(m, 2H), 7.19 (d, J = 16.3 Hz, 1H) superimposed to 7.18-7.16 (m, 1H), 7.08 (d, 7= 16.3
Hz, 1H), 3.62 (sept, 7= 6.8 Hz, 1H), 3.51 (sept, /= 6.8 Hz, 1H), 1.64 (d, J = 6.8 Hz, 3H),
1.60 (d, 7= 6.8 Hz, 3H), 1.04 (d, J = 6.7 Hz, 3H) superimposed to 1.02 (d, J = 6.7 Hz,
3H).13C{*H} NMR (150 MHz, CDCl3): d 170.4, 138.1, 137.3, 133.5, 130.7, 128.9, 128.5,
128.0, 127.8, 126.7, 125.5, 125.5, 51.1, 46.0, 20.9, 20.8, 20.7, 20.6. EI-MS m/z (%): 307
(M*, 43), 264 (9), 207 (100), 178 (57).4

N, N-Diisopropyl-2-(thiophen-2-yl)benzamide (6¢): General procedure using
thienylboronic acid pinacol ester 5c. Purification by flash column chromatography
(toluene/EtOAC 9/1 v/v) give 6¢ as a white solid (17 mg, 30%, Rr = 0.38 toluene/EtOAc 9/1
v/v). *H NMR (600 MHz, CDClz): d 7.48 (dd, J = 7.6, 1.1 Hz, 1H), 7.37-7.29 (m, 4H), 7.26-
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7.22 (m, 1H), 7.03 (dd, J = 5.1, 3.7 Hz, 1H), 3.46 (sept, J = 6.6 Hz, 1H), 3.32 (sept, J =
6.6 Hz, 1H), 1.53 (d, J = 6.8 Hz, 3H), 1.41 (d, J = 6.8 Hz, 3H), 0.93 (d, J = 6.7 Hz, 3H),
0.53 (d, 7 = 6.5 Hz, 3H). 3C{!H} NMR (150 MHz, CDCls): & 170.2, 141.3, 137.8, 130.6,
129.4, 128.6, 128.0, 127.9, 127.4, 126.6, 126.0, 50.9, 45.8, 20.9, 20.7, 19.8. EI-MS m/z
(%): 287 (M*, 22), 244 (9), 187 (100), 115 (25).+
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CHAPTER 4: Lateral lithiation in DESs: regioselective
functionalization of substituted toluenes

Part of the results presented in this chapter are published in Chem. Commun.
2020, 56, 2391-2394.

In the previous chapter the first systematic study on the directed ortho
metalation reaction of hindered benzamides using DESs as unconventional eco-
friendly reaction media has been described. In strong relationship with the DoM
strategies, of equal synthetic utility is the development of methodologies for the
lateral lithiation (LL) of benzylic alkyl groups promoted by the same heteroatom-
containing substituents (see section 1.2.3). As a further extension of the previous
described methodology, and on the basis of our outstanding results on the basic
reactivity of organolithium reagents in protic reaction media, a systematic
investigation on the usefulness of these sustainable media to promote the
regioselective lateral lithiation (LL) of substituted toluenes (Scheme 4.1) has been
undertaken. The results of this study are presented in the following chapter.

o nesu ¥ e
bme _ - DMG DMG
DES/CPME
under air, r.t
1 Bn-Li-1 2

Scheme 4.1. Regioselective lateral lithiation of substituted toluene derivatives in eco-
friendly eutectic mixtures.

4.1 Optimization of the reaction conditions

We started our investigations using the N, A-diisopropyl-2-methylbenzamide
1a as a model substrate, since (a) we have already demonstrated that this directing
group can efficiently promote the ortho-lithiation in CPME/DES heterogeneous
mixtures (see Chapter 3) and (b) the LL of tertiary ortho-alkylbenzamides is
generally performed using LDA or s-BuLi/TMEDA in VOCs at low temperatures in
order to avoid self-condensation of the lithiated species (see section 1.2.3).1” Based
on the previously described experimental method explored for the DoM reaction, a
vigorously stirred suspension of amide 1a (0.2 mmol), preliminary dissolved in CPME
(0.2 mL, 1 M), in ChCl/Gly 1:2 was treated with a commercial solution of #BuLi (2
eq.) at room temperature under air. Quenching the reaction mixture after 2 seconds
with Mel (5 eq.) afforded the corresponding N, A-diisopropyl-2-ethylbenzamide 2a
in 62% yield (Table 4.1, entry 1) alongside with 6% of a,a-dimethylated byproduct
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2a’. Without pre-solubilization of 1a in CPME, no lithiation occurred and the starting
material 1a was quantitatively recovered after workup (Table 4.1, entry 2). No
improvements were observed when the reaction was performed at 0 °C (Table 4.1,
entry 3) or using ChCl/urea 1:2 (Table 4.1, entry 4), whereas the use of water as
the hydrogen bond donor was ineffective (Table 4.1, entry 5). Lowering the
equivalents of electrophile (Table 4.1, entry 6 and 7) led to a decrease of
conversion, while reducing the amount of lithiating agent to 1.5 eq. gave the best
results in terms of yield and suppression of byproduct (Table 4.1, entry 10), as also
confirmed by 'H and ?H NMR analysis of the corresponding deuterated product Bn-
D-1a (vide infra). Notably, other organolithiums such as n7BuLi and s-BuLi were
considerably less effective in promoting the lateral metalation under these
conditions (Table 4.1, entries 11 and 12), anyway the possibility to perform the LL
also with less basic alkyllithiums clearly indicates how mesomeric effects are crucial
to stabilize Bn-Li-1a also under these protic thermodynamic conditions, as well as
under classical kinetic conditions.

Table 4.1. Metalation reaction of 1a under different conditions.[?]

(P N(iPr), N(iPr