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Piperidines and their 2-substituted derivatives are fundamental intermediates for the development of new
active pharmaceutical ingredients with improved pharmacokinetic profiles and unique three-dimensional
properties. Consequently, the design of synthetic methodologies for their selective transformations into
highly valuable scaffolds, aimed at increasing the molecular diversity, is of high importance. We disclose
herein a general and efficient organolithium-mediated protocol to promote chemo- and regioselective
anionic Fries rearrangement or kinetic resolution processes starting from O-aryl carbamates of 2-substi-
tuted piperidines. The use of t-Buli allows a regioselective ortho-metalation of the O-aryl carbamate fol-
lowed by an intramolecular carbamoyl migration, thereby delivering a series of functionalized
N-piperidinyl salicylamides in yields of 33 to 95%. The protocol has been successfully extended to 5- and
7-membered saturated N-heterocyclic scaffolds with comparable yields and selectivity. Mechanistic
aspects and studies on the use of bench-type aerobic conditions are also detailed. In addition, the chiral
n-BulLi/(+)-sparteine complex promotes the kinetic resolution of the O-aryl carbamate by regioselective
lithiation at the 2-position of the piperidine ring. Upon electrophilic quench, the enantioenriched starting
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Introduction

Nitrogen-based heterocycles are of fundamental importance in
several areas of organic chemistry owing both to their wide-
spread occurrence in agrochemical' and natural products,’
and to their remarkable pharmacological properties.® In par-
ticular, five- and six-membered saturated azacycles substituted
in the 2-position are key pharmacophores targeting several bio-
logical receptors, including neurokinin (NK1) receptors,* poly
(ADP-ribose) polymerase (PARP),” ion channels,® k-opioid” and
NTRK® receptors, among others.’ Of these, 2-substituted piper-
idines are of utmost importance in drug discovery as they
allow the development of new active pharmaceutical ingredi-
ents with high molecular diversity, unique three-dimensional
properties and, consequently, improved pharmacokinetic pro-
files and bioavailability (Fig. 1A).”° Hence, the development of
methodologies for the assembly of these recurrent structural
motifs, with complementary control of the stereocentre at the
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material is recovered with a good level of stereoselectivity (up to 85: 15 er).

2-position, is of high synthetic value."* Several routes towards
enantioenriched 2-substituted piperidines have been reported
(Fig. 1B), mostly relying on the direct o-functionalization of
the piperidine core."> Other strategies, including the asym-
metric hydrogenation of pyridine derivatives,"® de novo syn-
thetic methodologies'* and enzymatic approaches'® have also
been reported. Among these methods, an attractive possibility
is offered by the kinetic resolution (KR) of racemic N-Boc pro-
tected 2-arylpiperidines by asymmetric lithiation using a chiral
n-BuLi/sparteine (sp) complex (Fig. 1C)."® The N-Boc protecting
group allows high yields of benzylic lithiation due to the fast
interconversion of rotamers by rotation around the N-CO
bond even at —78 °C, and the resulting organolithiums have
shown to be configurationally stable up to —50 °C."” This
approach allows, upon electrophilic quench of the resulting
chiral organolithiums, the recovery of both the unreacted start-
ing material and the quenched product with high levels of
enantiopurity.

Whereas the selective kinetic resolution by lithiation of
N-Boc protected five- and six-membered 2-arylazacycles has
been clearly established,'® the general reactivity of their
parent N-acyl derivatives remains essentially unexplored.'’
By contrast, we envisioned that O-aryl carbamates of 2-substi-
tuted piperidines could be suitable platforms for developing
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A. Bioactive 2-substituted piperidines
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C. Kinetic resolution of 2-arylpiperidines by lithiation
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Fig.1 (A-C) State of the art of 2-substituted piperidines in synthesis
and (D) aim of this work.

chemodivergent transformations promoted by organolithium
reagents. Indeed, the presence of different metalation sites
potentially offers the possibility to perform both an intra-
molecular carbamoyl migration triggered by a regioselective
ortho-metalation of the phenolic ring, and a kinetic resolution
by lithiation then electrophilic quench upon a regioselective
benzylic metalation (Fig. 1D). Hence, the development of a
regioselective lithiation strategy should result in the chemodi-
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vergent synthesis of both salicylamide derivatives, arising from
an anionic ortho-Fries rearrangement (AoF) reaction, and
enantioenriched 2-substituted piperidines bearing tertiary or
quaternary stereocentres by means of a kinetic resolution
approach. On the basis of these considerations and motivated
by our ongoing interest in the development of new s-block
polar organometallic reagent-mediated transformations,*® we
herein report a systematic study on the usefulness of organo-
lithium reagents to promote chemoselective AoF rearrange-
ment or kinetic resolution processes starting from O-aryl car-
bamates of 2-substituted piperidines (Fig. 1D). Our optimized
protocol allows for the generation of diverse molecular struc-
tures in a chemodivergent fashion by simply changing the
nature of the metalating agent, resorting to regioselective
metalations of the carbamates with either #BuLi, using the
biobased 2-MeTHF as reaction medium, or n-BuLi, followed by
internal (AoF) or external (KR) electrophilic quench of the
resulting anionic species.

Results and discussion
Anionic Fries rearrangement

We started our investigation on the metalation/anionic Fries
rearrangement of N-heterocyclic O-aryl carbamates using the
N-benzoyl 2-phenylpiperidine 1a as a model substrate
(Scheme 1). This scaffold is particularly interesting, as it pre-
sents three potential metalation sites with different relative
acidities:>" (a) the aromatic ortho-positions of the phenol ring
(pKa ~ 37), whose regioselective abstraction is required to
promote an ortho-Fries rearrangement process, (b) the less
acidic aromatic ortho-C-H positions of the distal phenyl ring
(pKa = 40), and (c) the presence of the most acidic benzylic C-
H site at the 2-position of the piperidine ring, which could pre-
clude the possibility to promote a carbamoyl migration by the
generation of a thermodynamically favoured benzylic anion at
this position. Preliminary metalation/deuteration experiments
on 1a effectively revealed that the lithiation « to the piperidine
nitrogen is strongly favoured due to the presence of the aryl
substituent which increases the stability of the resulting anion

H 1) n-BuLi (1.5 eq.)
[ PRa=a0 o NeTHE, —78C, 1 h

N
2) Mel (3 eq.),-78 °Cto RT, 12 h
& e QL

1b (90%)

1) nBuLl (1 Seq)
—78 °
2- MeTHF
2) CD40D (5 eq.)
—78°Cto RT Ph~o ﬁ
1a-D, 1a-Dyihno
(>98% D) (<1% D) )
1a-D (88% overall yield)

Scheme 1 Metalation and electrophilic quench of carbamate la. D
incorporations are based on *H NMR integration and confirmed with 2H
NMR spectroscopy. Reported yields refer to isolated products.
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by delocalization. Treatment of carbamate 1a with n-BuLi (1.5
equiv.) at —78 °C using the bio-based and hydrophobic
2-MeTHF as reaction medium, followed by electrophilic
quench with CD;0D after 1 h at —78 °C, afforded an almost
quantitative deuterium incorporation at the sole benzylic posi-
tion a to nitrogen (1a-D,), with no detectable amounts of the
ortho-deuterated species 1a-Dyy, and 1a-D,40 (Scheme 1).

Additionally, even if the competitive a-lithiation could be
suppressed, further regioselectivity issues might arise due to
the presence of two competitive aromatic rings. The
O-carbamate moiety is a powerful direct metalation group
(DMG) which directs the metalation at the O-phenyl ring at
—78 °C, with the consequent formation of a 1,3-O-C carbamoyl
migration product (salicylamide) upon warming.”” On the
other side, aminomethyl groups also act as direct metalation
groups of aromatic rings, even if a higher temperature for the
metalation is typically required.”® In this case, if lithiation
occurs at the piperidine-substituted phenyl ring, a 1,4-O-C acyl
migration process (faster than the 1,3-0-C rearrangement)>*
should take place upon warming, releasing an ortho-piperidi-
nyl benzoate as the final product. Hence, performing the regio-
selective metalation at a specific aryl ring is of fundamental
importance.

To firstly evaluate the feasibility and the regioselectivity of
the anionic Fries rearrangement on this class of O-aryl carba-
mates, avoiding the competitive lithiation a to nitrogen, la
was converted into the 2,2-disubstituted carbamate 1b in 90%
yield upon metalation with #-BuLi (1.5 equiv.) in 2-MeTHF at
—78 ©°C and electrophilic quench with iodomethane
(Scheme 1). In a preliminary experiment, treatment of 1b with
1.5 equiv. of n-BuLi at —78 °C in 2-MeTHF successfully pro-
moted the anionic Fries rearrangement upon warming the
anion solution to room temperature, affording the rearranged
product 2b in 50% yield (Table 1, entry 1). The regioselectivity
of the metalation and the subsequent anionic migration at the
O-phenyl ring has been determined by NMR spectroscopy and
confirmed by the X-ray analysis of 2b, which crystallised by the
slow, room temperature evaporation of a chloroform solution
into the monoclinic P2,/n space group.*”

No significant improvements have been observed using
s-BuLi as metalating agent (entry 2), whereas employing the
highly basic #-BuLi resulted in a cleaner Fries rearrangement,
providing the corresponding salicylamide 2b in a satisfactory
80% yield after 1 h at room temperature (entry 3). Longer
rearrangement times led to comparable results, while decreas-
ing the amount of ¢-BuLi to 1.1 equiv. resulted in a consider-
able decrease of the reaction yield (see Table S1, SI).
Employing the mixed-metal systems LIC-KOR (n-BuLi/KO¢-Bu
1:1 molar ratio, entry 4)*° and LiNK (n-BuLi/KOt-Bu/TMP
1:1:1 molar ratio, entry 5)*’ as metalating agents provided
comparable results to those obtained with ¢-BuLi, and the sali-
cylamide 2b was produced in 74% and 70% yield, respectively.
The sterically hindered LiTMP was also effective to promote
the reaction, affording 2b in a moderate 48% yield (entry 6)
which can be further improved to 63% using a three-fold
excess of metalating agent (entry 7). In contrast, less basic
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Table 1 Anionic ortho-Fries rearrangement of carbamate 1b under
different reaction conditions®

Me
QMe Conditions (A) or (B) (NlPh
N Ph
/& anionic ortho-Fries rearrangement (@)
(O]

OH
1b 2b

Conditions (A): RLi (eq.), solvent, =78 °C, 30 min; then =78 °C to RT, 1 h
Conditions (B): RLi (eq.), solvent, RT, 60 s, under air

Entry Conditions RLi (eq.) Solvent 2b? (%)
1 A n-Buli (1.5) 2-MeTHF 50°
2 A s-BulLi (1.5) 2-MeTHF 40
3 A #Buli (1.5) 2-MeTHF 80
4 A LIC-KOR (1.5)% 2-MeTHF 74
5 A LiNK (1.5)° 2-MeTHF 70
6 A LiTMP (1.5) 2-MeTHF 48
7 A LiTMP (3) 2-MeTHF 63
8 A Meli (1.5) 2-MeTHF —
9 A LDA (3) 2-MeTHF —
10 B LiTMP (3) CPME 78
11 B LiTMP (3) 2-MeTHF 76
12 B LiTMP (3) 4-MeTHP 70

% Conditions (A): 1b (0.2 mmol), RLi, 2-MeTHF (2.0 mL, 0.1 M). n-BuLi
(2.5 M in hexanes), s-BuLi (1.4 M in cyclohexane), ¢-BuLi (1.7 M in
pentane), MeLi (1.6 M in Et,O), LiTMP (1.0 M in 2-MeTHF), LDA (1.0
M in 2-MeTHF). Conditions (B): 1b (0.2 mmol), LiTMP (1.0 M in
2-MeTHF), solvent (2.0 mL, 0.1 M; CPME = cyclopentyl methyl ether,
2-MeTHF = 2-methyltetrahydrofuran, 4-MeTHP = 4-methyl-
tetrahydropyran), under air. ?Reported yields refer to isolated pro-
ducts. ° Unreacted 1b was recovered in 17% yield. ¢ LIC-KOR: n-BuLi/
KOt-Bu 1:1 molar ratio. *LiNK: n-BuLi/KO#Bu/TMP(H) 1:1:1 molar
ratio.

organolithiums such as MelLi (entry 8) and LDA (entry 9) were
ineffective to promote the Fries rearrangement, and the start-
ing material was recovered unreacted. Based on our previous
studies, the DoM/AoF sequence has also been investigated
under bench-type conditions, working under air and at room
temperature, and using the hydrophobic ethers (CPME,
2-MeTHF and 4-MeTHP) as reaction media (Table 1, con-
ditions B, entries 10-12). A solution of 1b (0.2 mmol, 0.1 M) in
CPME was thus reacted with a freshly prepared 1 M solution of
LiTMP (3 equiv.) in 2-MeTHF, at room temperature and under
air (entry 10). Pleasingly, aqueous quench of the reaction
mixture after 1 min released the desired salicylamide 2b in a
satisfactory 78% yield. Similar results were obtained using
2-MeTHF (entry 11) and the emerging eco-friendly alternative
4-MeTHP (entry 12), which allowed the isolation of the
rearranged product 2b after 1 min in 76% and 70% yield,
respectively. These results clearly confirmed the fast kinetics
of both the metalation and the anionic rearrangement steps at
room temperature,”’ and further contribute to enlarge the
portfolio of organolithium-mediated protocols under non-con-
ventional conditions.

Once the possibility to promote the anionic ortho-Fries
rearrangement on this class of sterically hindered
N-heterocyclic carbamates had been successfully demonstrated

Org. Biomol. Chem., 2025, 23, 8029-8038 | 8031
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(Table 1), and the regioselectivity of the metalation had been
assessed, we next investigated the feasibility of the ortho-meta-
lation and the 1,3-O-C carbamoyl migration on the O-phenyl
2-phenylpiperidine carbamate 1a. This approach is more intri-
guing from a synthetic perspective, since (a) the additional
synthetic step (a-methylation) aimed at suppressing the highly
competitive benzylic lithiation is avoided, and (b) both the
racemic substrate and the rearranged product could potentially
be subjected to a kinetic resolution process by lithiation.
Hence, carbamate 1a was reacted with a series of organo-
lithium reagents, ranging from highly basic alkyllithiums to
less reactive hindered lithium amides, using 2-MeTHF as the
environmentally responsible reaction medium under different
reaction conditions (Table 2). The use of s-BuLi (2 equiv.) as
metalating agent in the presence of an equimolar amount of
TMEDA was not effective to promote the ortho-lithiation of 1a
(entry 1), and the unreacted carbamate 1la was recovered in
22% yield from a complex reaction mixture. In contrast, treat-
ment of 1a with a two-fold excess of t-BuLi afforded the
desired salicylamide 2a upon warming the anion solution to
room temperature, albeit in a modest 45% yield (entry 2). This
encouraging result shows that the formation of the ortho-anion
could be effectively accomplished in the presence of a competi-
tive benzylic position by using an excess of a strong, hindered
metalating agent. A slight improvement in 2a yield (56%) was

Table 2 Anionic ortho-Fries rearrangement of carbamate la under

different reaction conditions?

Q Conditions (A) or (B) or (C) N Ph
N Ph
/& anionic ortho-Fries rearrangement (@)
[OX o]
OH
1a 2a

Conditions (A): RLi (eq.), 2-MeTHF, —78 °C, time; (h); then —78 °C to RT, time, (h)
Conditions (B): 1) RLi (eq.), 2-MeTHF, —78 °C, time; (h)

2) t-BuLi (1 eq.), =78 °C, time;, (h); then =78 °C to RT, 1 h
Conditions (C): RLi (eq.), 2-MeTHF, RT, time; (h), under air

Entry Conditions RLi (eq.) Time, (h) Time, (h) 2a” (%)
1 A sBuLi (2)° 1 1 —4

2 A t-BuLi (2) 1 1 45

3 A t-Buli (2) 2 1 56

4 B n-BuLi (1.5) 1 1 30

5 B n-BuLi (1.5) 2 2 51

6 B t-BuLi (1) 1° 1 71

7 A LITMP (3) 2 1 39

8 C LITMP (3) 0.5 — 43

9 cf LiTMP (3) 0.5 — 30

“Conditions (A): 1a (0.2 mmol), RLi, 2-MeTHF (2.0 mL, 0.1 M).
Conditions (B): (1) 1a (0.2 mmol), RLi, 2-MeTHF (2.0 mL, 0.1 M). (2)
t-BuLi (1 eq.), 2-MeTHF. s-BuLi (1.4 M in cyclohexane), #-BuLi (1.7 M in
pentane), LiTMP (1.0 M in 2-MeTHF). Conditions (C): 1a (0.2 mmol),
LiTMP (1.0 M in 2-MeTHF), 2-MeTHF (2.0 mL, 0.1 M), RT, under air.
b Reported yields refer to isolated products. ° An equimolar amount of
TMEDA was added. ¢ Unreacted 1a was recovered in 22% yield. ¢ After
1 h at —78 °C, the reaction mixture was stirred at RT for 1 h./CPME
was used as solvent.

8032 | Org. Biomol. Chem., 2025, 23, 8029-8038

View Article Online

Organic & Biomolecular Chemistry

observed when increasing the metalation time to 2 h (entry 3),
whereas using a three-fold excess of ¢-BuLi resulted in the for-
mation of a complex crude reaction mixture (see Table S2, SI).
Cognizant that the competitive lithiation a to piperidine nitro-
gen occurs smoothly also using the less basic n-BuLi at —78 °C
(Scheme 1), a telescoped double lithiation procedure aimed at
increasing the efficiency of the ortho-metalation was then
investigated. To this purpose, carbamate 1la was treated with
n-BuLi (1.5 equiv.) at —78 °C to achieve a quantitative benzylic
lithiation and, after 1 h of metalation at this temperature, an
equivalent of ¢-BuLi was added at —78 °C to promote the gene-
ration of the ortho-aryllithium species (entry 4). Upon warming
the anion solution to room temperature, aqueous quench of
the reaction mixture afforded the rearranged product 2a in
30% yield. Increasing each metalation time to 2 h led to a sig-
nificant increase of the reaction yield to 51% (entry 5),
however alongside the formation of unidentified byproducts.
Pleasingly, when both metalations were performed at —78 °C
using a stoichiometric amount of ¢-BuLi (1 equiv.) and the
anion solution was warmed to room temperature for 1 h after
each lithiation step, the anionic rearrangement proceeded
cleanly to afford the rearranged salicylamide 2a in 71% yield
(entry 6). Whereas the use of lithium amides was effective to
promote the metalation/anionic rearrangement of 2,2-di-
substituted carbamate 1b (see Table 1), treatment of carba-
mate 1a with the less basic and sterically hindered lithium
amide LiTMP (3 equiv.) resulted in a significant decrease of
the reaction yield (39%) working under classical conditions
(entry 7). Furthermore, the use of LiTMP as metalating agent
under aerobic conditions, using 2-MeTHF (entry 8) or CPME
(entry 9) as solvents, produced the salicylamide 2a with com-
parable yields (43% and 30%, respectively), suggesting an
overall low efficiency of lithium amides to promote the metala-
tion/rearrangement process on this class of carbamates.>®

Scope of the reaction

With optimized reaction conditions in hand (Table 2, entry 6),
the scope and limitations of this transformation were evalu-
ated for a series of functionalized O-carbamates 1 bearing
different substituents at both the O-aryl ring and the position
a to piperidine nitrogen, or different azacycles at the carba-
moyl moiety (Scheme 2). Metalation and anionic Fries
rearrangement of O-aryl 2-phenylpiperidine carbamates la-n
proceeded smoothly en route to a variety of substituted salicyla-
mides bearing electron-donating (2c-e), halogenated (2f and
2g) and neutral (2h and 2i) groups at the O-aromatic ring. The
AoF rearrangement proceeded with satisfactory results also for
a series of O-polyaromatic 2-phenylpiperidine carbamates,
affording the corresponding biphenyl (2j and 2k) and naphthyl
(21 and 2m) salicylamides in good yields (34-74%) without for-
mation of byproducts arising from remote->° or peri-**metala-
tion processes. The methodology also tolerates the presence of
acetylenic substituents at the aromatic ring (2n), although
other alkyllithium-sensitive functional groups, such as
bromine and olefins, were incompatible with the reaction con-

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Scope of the AoF rearrangement of O-aryl carbamates 1. Reaction conditions: 1 (0.2 mmol, 0.1 M in 2-MeTHF), t-BuLi (1.7 M in pentane).
Reported yields refer to isolated products. ? A single addition of t-BulLi (1.5 equiv.) was performed as described in Table 1, conditions (A).

ditions, affording complex reaction mixtures or recovery of the mized metalation conditions. Lithiation of carbamate 1o,
starting material after workup. bearing a methyl group at the o-position of the piperidine

O-Phenyl carbamates of different a-substituted piperidines ring, occurred with complete regioselectivity at the ortho-posi-
provided the corresponding salicylamides 20-s in moderate to tion and the yield of the corresponding a-methyl salicylamide
good yields (28-82%) upon treatment with ¢-BuLi under opti- 20 (76%) reflects the efficiency of the ortho-lithiation step (see
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SI for details). The presence of both sterically hindered substi-
tuents and/or more acidifying groups at the nitrogen hetero-
cycle seemed to negatively affect the acyl migration, as
observed in the case of the carbamates 1r and 1s, which gave
the corresponding rearranged products 2r and 2s in a low 28%
and 32% yield, respectively.

An excellent result was obtained using the carbamate of a
7-membered azacycle (1t), which afforded the corresponding
N-acyl 2-phenylazepane 2t in almost quantitative yield. Other
5-membered azacycles performed as well, thereby releasing a
series of N-acyl 2-substituted pyrrolidines 2u-x in good yields,
with a good tolerability of different aromatic (2u and 2w-x)
and even benzylic (2v) substituents at the heterocyclic ring.

Mechanistic investigations

To gain more mechanistic insights into the metalation/
rearrangement sequence, additional deuterium labelling
experiments were performed (Scheme 3). We first investigated
the composition of the reaction mixture over time at different
temperatures upon treatment of carbamate 1a with a stoichio-
metric amount (1 equiv.) of ¢#-BuLi in 2-MeTHF and electrophi-
lic quench with CD;0D (Scheme 3A). The 'H and *H NMR ana-
lyses of the crude reaction mixtures revealed a mixture of 1a-
Dyreno (70%) and 1a-D, (30%) metalation products. These are
almost instantaneously formed upon the addition of ¢BulLi at
—78 °C (entry 1), whose ratio did not significantly change over
time (entries 2 and 3). The presence of a mixture of monoanio-
nic species has been confirmed by the HRMS analysis of 1a-D
obtained after 1 h of metalation/deuteration at —78 °C, where
the sole [1a-D + H|" ion (experimental m/z = 283.1547) was
detected, excluding a priori the formation of a dianion upon
treatment of 1a with a stoichiometric amount of #BulLi (see
SI).

This preliminary experiment clearly discloses that (a) an
increase of temperature is necessary to promote the carbamoyl
migration (rearrangement product 2a was not observed), and
(b) no anion equilibration processes occur at low temperature.
Performing the metalation at a lower temperature (—100 °C)
has no effect on the products ratio, however a longer reaction
time (2 h) is required to achieve a satisfactory overall D incor-
poration (entries 4 and 5). At higher temperature (—40 °C) an
almost equimolar mixture of non-rearranged 1a-D (33%) and
salicylamide 2a-D, (31%, 13% D incorporation at the
a-position) was obtained after 1 h of metalation (entry 6). Once
the composition of the anions solution at low temperature has
been assessed, carbamate 1a was treated with #-BuLi (1 equiv.)
in 2-MeTHF at —78 °C, and after 1 h at this temperature, the
anion solution was warmed to room temperature (entry 7).
Electrophilic quench with deuterium after 12 h afforded a
mixture of 2a-D, and 1a-D, albeit in low yields (38% and 18%,
respectively), whose composition reflects the 7: 3 ratio of the
ortho-/a- anions generated at —78 °C. This experimental evi-
dence suggests that (a) no anion equilibration occurs even at
room temperature and (b) undesired decomposition side-reac-
tions occur after prolonged reaction times, as confirmed by
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A. Deuterium labelling experiments

1) +BuLi (1.0 eq.) O\
~78 °C, time (h) D 2N SN Ph D
b 2) CD40D (5 eq.) | Ph+<r‘ A : Lo
3 eq. AN
Ph‘o’&o ! oo /\/&o
1a-D, 1a-Dytho 2a-D,
1a-D 1a-D, 1a-Dypno 2a-D,
Entry  time (h) T(°C) (Yield %) (% D) (% D) (Yield %)
1 0.15 -78 80 30 70 -
2 05 -78 82 27 65 -
3 1 -78 71 25 75 -
4 1 -100 99 9 27 -
5 2 -100 99 30 70 -
6 1 -40 33 5 30 31 (13% D)
7 1 -78, then RT2 18 - 7 38 (20% D)
B. HRMS/MS
1) tBuLi (1 eq.), -78 °C, 1 h;
then RT, 1 h
1a a) or b)

2) tBuli (1 eq.), —78 °C, 1 h

a) to RT, 1 h; then CDzOD

QD
N Ph *
A Ms? + kP @fo
' +
A0 N e Non
2a-D,, (70%, 89% D)
C41H4sDN* C7Hs0,*

m/z =163.13400 (calcd) m/z=121.02841 (calcd)
m/z=163.1338 (exp)  m/z=121.0283 (exp)

ESI-HRMS analyses

2a-D, CigHigDNO, [M+H]*
m/z = 283.15513 (calcd); m/z = 283.1548 (exp)

C1gH19DNO, [M+H]*
m/z = 283.15513 (calcd)

b) CD40D (5 eq.) at-78 °C
1a-D (36%, 60% Dy, 67% Do) + 2a-D,, (41%, 23% D)

ESI-HRMS analyses

1a-D,, + 1a-Dorino + 1a-D,, ortno D
C1gH1gDNO, [M+H]* C1gH1gDoNO, [M+H]* /‘L N~ “Ph
ml/z = 283.15513 (calcd) m/z=284.16141 (calcd) \] o’go
m/z=283.1551 (exp) mlz=284.1611 (exp) D
ms? [ ms2
A% v

miz= 1+l (from 1a-D )
I+ IV (from 1a-Dy,h0)

miz=1+1V (from 1a-D,, otno)

. Ph D Ph 6H [l) .
. o
07 N 07N [ \J/ 2 |/ i:\J/OH?
P L
I: CyzH;gDNO* II: CyoHyNO* 11l: GgH,0* IV: GgHgDO*

m/z=189.11327 (calcd) m/z=188.10699 (calcd) m/z = 95.04914 (calcd) m/z = 96.05542 (calcd)
m/z=189.1129 (exp)  m/z=188.1070 (exp) m/z=95.0491 (exp)  m/z=96.0553 (exp)

Scheme 3 Mechanistic insights into the metalation/rearrangement of
carbamate 1a. Reaction conditions: 1a (0.2 mmol, 0.1 M in 2-MeTHF),
t-BuLi (1.7 M in pentane); then CDsOD (5 eq.). Reported yields refer to
isolated products. D incorporations are based on *H NMR integration
and confirmed with 2H NMR. ? The reaction mixture was stirred at room
temperature for 12 h.

the low amount of product 2a isolated from the complex reac-
tion mixture.

Carbamate 1a was then subjected to a sequential addition
of ¢BuLi, working under optimized reaction conditions, fol-
lowed by deuteration (Scheme 3B). Hence, la was treated
with ¢-BuLi (1 equiv.) at —78 °C followed by warming to
room temperature for 1 h, then cooled to —78 °C and
treated with a further equivalent of #-BuLi. The anion solu-
tion was warmed to room temperature for 1 h, and electro-
philic quench with CD;OD produced the sole salicylamide
2a-D, in 70% yield with a high 89% D incorporation at the
a-position, as confirmed by tandem ESI-HRMS analysis

This journal is © The Royal Society of Chemistry 2025
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(Scheme 3B, experiment a). Conversely, when the electrophi-
lic quench with deuterium was performed at low tempera-
ture (—78 °C) after the second lithiation, a 1:1 mixture of
1la-D (36%) and rearranged product 2a-D, (41%, 23% D
incorporation) was obtained (Scheme 3B, experiment b).
Analysis of the "H and *H NMR spectra of 1a-D revealed
the 60% D incorporation at the a-(benzylic) position and
67% D incorporation at the ortho-position. Tandem HRMS
analysis of 1a-D showed the presence of the expected
Ci15H,oDNO, [M + H]" adduct ion of m/z = 283.1551 (Appm
= 0.04), corresponding to a mixture of monodeuterated
species as clearly illustrated by the formation of daughter
ions I-IV upon fragmentation, arising from the O-(C=O0)
cleavage of both 1a-D, (I and HI) and its isotopomer 1a-
Dorno (I and IV). The higher isotopologue with m/z =
284.1611, corresponding to a bis-deuterated C;g3H;3D,NO,
[M + H]" adduct ion (Appm = 1.08), has been also detected,
whose fragmentation afforded the sole daughter ions I and
IV. Therefore, the presence of the bis-deuterated 1a-Dy om0
compound in the reaction mixture disclosed the formation
of the dianionic species 1a-Ligorno Upon treatment of car-
bamate 1a with an excess of #-BuLi as metalating agent.

Taken together, these results suggest that in the presence of
a stoichiometric amount of metalating agent (1 equiv.) a
mixture of regioisomeric 1-Li, and 1-Liyme anions is firstly
generated at —78 °C and, upon an increase of the reaction
temperature, the ortho-aryl anion undergoes a partial anionic
Fries migration to produce the rearranged salicylamide 2-OLi,
while no equilibration with 1-Li, occurs (Scheme 4A). The
addition of a second equivalent of organolithium promotes
the formation of a dianionic species 1-Liy, oreno presumably by
an additional ortho-metalation of the 1-Li, species, however in
a low amount as confirmed by the D incorporation into the
non-rearranged 1a-D at —78 °C. Whereas also this species
could lead to the formation of the same rearranged product
2 upon an increase of the reaction temperature, control
experiments using the chiral carbamate (S)-1a as substrate
were performed (Scheme 4B). Since the (S)-1a-Li, anion,
generated by regioselective benzylic lithiation of (S)-1a with
n-BuLi at —78 °C, has proven to be configurationally
unstable at room temperature,”® a putative contribution of
the (S)-1-Ligorno dianion to the formation of salicylamide
(S)2a should result in a loss of enantiomeric purity of the
rearranged product. Hence, the telescoped metalation of
enantioenriched (S)-1a (98:2 er) with #BuLi under opti-
mized conditions (—78 °C to room temperature for each
lithiation step) was performed and, upon warming the
anion solution to room temperature, the corresponding
chiral salicylamide (S)-2a was produced with no loss of
enantiopurity. This result strongly suggests that no anionic
rearrangement of the dianionic species 1-Liyorno Occurs,
and the resulting salicylamides 2 are produced exclusively
by the anionic Fries rearrangement of the 1-Liyp, anion.*?
As a consequence, the regioselectivity of the first lithiation
step (and the resulting 1-Lignm, : 1-Li, ratio) determines the
maximum yield attainable of salicylamides 2.

This journal is © The Royal Society of Chemistry 2025
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A. Putative mechanistic scenario

#BuLi (1 eq. o RT i
(1eq) i, o+ 1\" l R ——» OLN""R
-78°C unsuitable for N oo AoF w7 o
AoF . rearrangement "b\'y‘
2-OLi
+BuLi ur —78°C (\i
(1eq) AN SNTSR ) to RT OH "N" R
Teo KA, e =
= A
YO0 (pqaiy  thendr 4] ©
L Z
1-Lig ortho 2

B. Control experiments
1) configurational stability of (S)-1a-Li,

Q n-BuLi (1 eq.)
—_—

on NP o meTH,
o0 Z78°C,1h

(S)-1a (98:2 er)

(lu RT, 30 min
—_—

Ph N Ph then H,O
“0” o

(9)-1a-Li,

C\

N Ph
h\O o
(S)-1a (58:42 er)

P

2) AoF rearrangement on chiral (S)-1a

1) t-BuLi (1 eq.), Q
2-MeTHF, =78 °C, 1 h; then RT, 1 h N~ Ph

N TPh o EBUL (1 eg), /i\/go

Phio o 2-MeTHF, -78 °C, 1 h; then RT, 1 h [ \
NN
OH
(S)-1a (98:2 er) (S)-2a (98:2 er)
Scheme 4 (A) Proposed reaction mechanism based on experimental

data and (B) control experiments on the metalation/rearrangement of
enantioenriched carbamate (S)-1la. Reaction conditions: (S)-1a
(0.2 mmol, 0.1 M in 2-MeTHF), n-Buli (2.5 M in hexanes, 0.2 mmol) or
t-BuLi (1.7 M in pentane). The enantiomeric ratios were determined by
chiral HPLC analysis (see SI).

Kinetic resolution by lithiation

Finally, the kinetic resolution of O-phenyl 2-phenylpiperidine
carbamate 1a by lithiation then electrophilic quench was
investigated (Table 3). We performed our preliminary asym-
metric deprotonation experiments using the non-coordinating
toluene as solvent to ensure a slow lithiation and, therefore, a
good selectivity.'® Hence, n-BuLi (0.7 equiv.) was added to a
solution containing the carbamate 1a and (+)-sparteine (0.9
equiv.) in PhMe and, after 3 h of metalation at —78 °C, the
electrophilic quench with methyl chloroformate was per-
formed (entry 1). Under these conditions, the unreacted 1a
was recovered in its enantioenriched form (S)-1a (28% yield)
with an acceptable 88:12 er. The er was determined by chiral
HPLC analysis, and the absolute configuration by comparing
the retention time of the major component with the enantio-
pure carbamate (S)-1a (see SI). As expected from the previously
reported lithiation of N-Boc-2-phenylpiperidine,'® the chiral
base n-BuLi/(+)-sparteine can effectively promote a selective
asymmetric deprotonation of 1a, with the (R)-1a enantiomer
preferentially lithiated. However, no selectivity was observed
for the product 3a, which was recovered in 38% yield as race-
mate. As expected, increasing the amount of both the organo-
lithium and (+)-sparteine resulted in an increased conversion
of carbamate 1a, however with a consistent decrease of the
selectivity (entries 2 and 3). The use of n-hexane as solvent has

Org. Biomol. Chem., 2025, 23, 8029-8038 | 8035
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Table 3 Kinetic resolution of carbamate 1la under different reaction
conditions?

1) n-BuLi (eq.)
(+)-sparteine (eq.)
(j\ st)lvent, —78 °C, time (h) Q @COZMe
N >Ph 2 Clcoue (G oa) N“Ph + N~ >Ph
e (3eq.

Ph \o/&o Z78°CtoRT, 12h Ph\o/go Ph \O/&o

1a kinetic resolution (KR) (S)-1a 3a

(S)-1a 3a

n-BuLi (+)sp Time % Yield’ % Yield”
Entry  Solvent (eq.) (eq) (h) (er)” (er)?

1 PhMe 0.7 0.9 3 28 (88:12) 38 (48:52)
2 PhMe 0.9 1.1 3 18 (75:25) 55 (48:52)
3 PhMe 1.8 1.8 3 — 78 (48:52)

4 n-Hexane 0.7 0.9 3 —° —
5 n-Hexane 1.0 1.2 3 21(24:76) 44 (50:50)
6 Cumene 0.7 0.9 3.5 59 (63:37) 37 (16:84)
7 Cumene 0.9 1.1 3.5 18 (69:31) 53 (48:52)
8 Et,O 0.7 0.9 1.5  41(85:15) 46 (32:68)
9 Et,O 0.9 1.1 1.5 7(72:28) 88 (49:51)
10 CPME 0.7 0.9 2 46 (64:36) 31 (30:70)

“Reaction conditions: 1a (0.5 mmol), n-BuLi (2.5 M in hexanes),
(+)-sparteine, solvent (0.1 M), —78 °C; then CICO,Me (1.5 mmol). sp =
sparteine. ?Yields refer to isolated products. Determined by chiral
HPLC analysis (Chiralpak IB-N5, n-heptane/2-propanol 95:5, 1 mL
min~'; ¢z (R)-1a: 8.2 min, t (S)-1a: 8.8 min). Major component eluted
at 8.8 min. ¢ Determined by chiral HPLC analysis (Chiralpak IB-N5,
n-heptane/2-propanol 90:10, 1 mL min™"; ¢y, 9.6 min, tmaj:
11.7 min). * Unreacted 1a was quantitatively recovered.

a detrimental effect on the lithiation of 1a at —78 °C (entry 4),
which required the use of a stoichiometric amount of n-BuLi/
(+)-sparteine. This resulted in a less efficient kinetic resolution
of 1a, affording the enantioenriched (R)-1a in 21% yield
(76 : 24 er) with an unexpected reversal of the selectivity (entry
5). Interestingly, when the lithiation/electrophilic quench
process was performed in cumene (entry 6) we observed some
loss in selectivity for recovered (S)-1a (63:37 er) and an
increased er for product (R)-3a (84:16 er),>® whereas increas-
ing the amount of chiral base has a detrimental effect on the
resolution efficiency (entry 7).

Using the more coordinating diethyl ether as solvent a good
resolution of the carbamate 1a was achieved in a shorter reac-
tion time (entries 8 and 9), and the best results in terms of
yield (41%) and er (85 :15) of (S)-1a have been obtained using
0.7 equiv. of n-BuLi and 0.9 equiv. of (+)-sparteine (entry 8).
The highly hydrophobic ether CPME gave similar results to
Et,0O in terms of conversion, confirming the similar character-
istics between these two solvents in organolithium chem-
istry.>* However, a significant loss in selectivity for the recov-
ered 1a was observed (entry 10). Overall, these results clearly
show that the kinetic resolution of the phenyl carbamate
(rather than the tert-butyl carbamate) of 2-phenylpiperidine 1a
by asymmetric lithiation and electrophilic quench is reason-
ably feasible using the chiral base n-BuLi/(+)-sparteine in
several solvents, among which diethyl ether offers the best
compromise between yield and selectivity of the enantio-
enriched (S)-1a (41%, 85: 15 er). Conversely, almost no selecti-
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vity was observed for the quenched product 3a, which could be
ascribed to a potential stereoinversion of the organolithium
intermediate via a type of “conducted tour” migration of the co-
ordinated Li'(S or L¥), ion (S = solvent, L* = (+)-sp) along an
almost planar carbanion.*

Conclusions

In summary, we have developed a general and efficient organo-
lithium-mediated protocol to promote chemo- and regio-
selective anionic Fries rearrangement or kinetic resolution pro-
cesses starting from O-aryl carbamates of 2-substituted piper-
idines. Our methodology allows for the generation of salicyla-
mide derivatives bearing 2-substituted heterocyclic rings at the
amide moiety, as the result of an intramolecular carbamoyl
migration triggered by the regioselective ortho-metalation of
the O-aryl carbamate with ¢-BuLi, using the biobased 2-MeTHF
as sustainable reaction medium. The methodology is wide in
scope and could be extended to other 5- and 7-membered
N-containing heterocycles. Mechanistic insights revealed that a
dianionic species is formed in the presence of an excess of
t-BuLi, alongside an ortho-aryllithium-enriched mixture of
monoanions, and the resulting salicylamides are produced
exclusively by the anionic Fries rearrangement of the 1-Li,qpo
anion. Furthermore, bench-type aerobic conditions could also
be employed using the sterically hindered LiTMP as metalating
agent, thus increasing the portfolio of organolithium-mediated
transformations under non-conventional conditions. However,
in this case the efficiency of the anionic Fries rearrangement is
limited to 2,2-disubstituted piperidines. Furthermore, we have
shown that it is possible to promote the kinetic resolution of
the racemic O-phenyl carbamate of 2-phenylpiperidine by
changing the nature of the metalating agent, giving access to
chiral piperidine derivatives of high importance in drug dis-
covery and natural products chemistry. Under optimized con-
ditions, the use of the chiral n-BuLi/(+)-sparteine complex in
diethyl ether allows a regio- and enantioselective deprotona-
tion of the carbamate at the benzylic position, which results in
the isolation of the enantioenriched starting material in good
yield (41%) and enantiomeric ratio (85 :15) upon electrophilic
quench. The development of other ortho-functionalization and
kinetic resolution strategies on the salicylamides of 2-substi-
tuted piperidines described in this work are under investi-
gation and will be reported in due course.
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