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Synthesis of enantioenriched spirocyclic
2-arylpiperidines via kinetic resolution†
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Kinetic resolution of N-Boc-spirocyclic 2-arylpiperidines with spiro

substitution at C-4 was achieved with high enantiomeric ratios

using the chiral base n-BuLi/sparteine. Cyclopropanation or metal-

laphotoredox catalysis were used to access the piperidines, which

could be further functionalised without loss of enantiopurity, high-

lighting their use as potential 3D fragments for drug discovery.

Introduction

Over many years, exploring 3D space within organic chemistry
has been a fertile research area towards the development of
new drugs and active pharmaceutial ingredients (APIs).1–3 By
introducing more 3D character into a molecule, it has been
shown to improve the overall physical and chemical properties
of a compound, making it more likely to be successful in drug
discovery programs. Although there are many ways to intro-
duce more 3D character into a structural motif, one of the sim-
plest methods is by the replacement of sp2 carbon centres with
sp3 carbon centres. In turn, this has led to an array of studies
towards the synthesis of saturated ring systems such as pyrroli-
dines and piperidines. Furthermore, the addition of small,
rigid ring systems, for example cyclopropane and cyclobutane
rings, can provide beneficial properties, access new chemical
space, and increase the novelty of a structure.

With the addition of more sp3 carbon atoms into a mole-
cule an important factor to consider is the ability to control
the stereochemistry of these centres, in particular if the mole-
cule of interest is to be biologically active. Overall, this has
guided previous work we have reported that has involved con-

trolling the stereochemistry of an alpha-carbon atom within a
nitrogen-containing heterocycle, using the chiral base gener-
ated from n-BuLi and sparteine. By utilising this chiral base
system, asymmetric deprotonation occurs at the alpha-carbon
atom generating an organolithium intermediate. This inter-
mediate can be trapped using an appropriate electrophile, gen-
erating a new stereocentre.4 We have managed to successfully
apply this chemistry in the form of kinetic resolution reactions
on a variety of substrates including piperidines, tetrahydroqui-
nolines, and indolines, obtaining excellent yields and enantio-
selectivities (Scheme 1).5–10

Recently our work has focused around developing mole-
cular scaffolds by introducing a methylene functional group in
the 4-position of a 2-arylpiperidine.9 This work was highly suc-
cessful, generating a range of enantioenriched compounds in
good yields. In particular, the addition of the methylene syn-
thetic handle was useful towards introducing new functional
groups and structural motifs onto the piperidine core. For
example, when exploring the scope for further functionalisa-
tion of the piperidines we were able to convert the methylene
group into a carbonyl and hence, using DAST, a difluoro motif.

Over recent years fluorinated compounds have been of sig-
nificant interest in medicinal chemistry. The combination of a
conformationally locked cyclopropyl or difluorocyclopropyl
unit could provide structures of interest as molecular building
blocks due to their enhanced 3D character,11 although few
methods exist towards incorporating spirodifluorocyclopro-
panes into chiral, sp3 rich structures.12–14 We envisaged that,
by carrying out kinetic resolution reactions on spirocyclic
piperidines, we could apply asymmetric organolithium chem-
istry to more complex systems beyond simple nitrogen-contain-

Scheme 1 Generic kinetic resolution of N-boc-2-aryl cyclic amines.
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ing heterocycles. We report here the synthesis of enantio-
enriched spirocyclic 2-arylpiperidines via kinetic resolution
using the chiral base generated from n-BuLi and (+)-sparteine
(Scheme 2).

Results and discussion

We needed a robust and simple synthetic route to access a
selection of spirocyclic compounds. Taking inspiration from
literature methods,15 the previously synthesised 4-methylene-
2-aryl piperidines 1a–f 9 were reacted with TMSCF3 in the pres-
ence of sodium iodide to give the spirocyclic piperidines 2a–f
in good yields (Scheme 3). The addition of TMSCF3 in excess
was found to be beneficial to obtain the best yields of the
desired spirocyclic piperidines. The reaction tolerated a selec-
tion of functional groups on the aryl ring including electron-
donating and withdrawing moieties. In all cases the 2,4-trans
configuration was isolated as the only diastereoisomer, which
was confirmed by X-ray crystallography on piperidine 2d
(Fig. 1). The X-ray analysis also confirmed the expected axial
orientation of the aryl group and hence equatorial orientation
of the benzylic proton that needs to be removed in the kinetic
resolution chemistry.

To prepare the corresponding unfluorinated cyclopropane,
we initially attempted direct cyclopropanation with diiodo-
methane and Zn/Cu couple or Et2Zn, but these were unsuc-
cessful. Instead, we opted to carry out dichlorocyclopropana-
tion with chloroform and sodium hydroxide on the parent
piperidine 3 followed by reduction with lithium metal in tert-

BuOH. Subsequent proton abstraction and carboxylation gave
the acid 4 that was subjected to metallaphotoredox
catalysis16,17 with coupling to 1-chloro-4-iodobenzene to give
the piperidine 5. This chemistry provides an alternative
approach to the preparation of such 2-aryl substituted com-
pounds. In the same way, the piperidine 6 was subjected to
proton abstraction and carboxylation to give the acid 7, fol-
lowed by photocatalysis with coupling to 1-chloro-4-iodoben-
zene to give the piperidine 8 (other aryl derivatives should also
be accessible16).

Racemic lithiation–trapping studies were carried out on the
spirocyclic piperidines. By using reaction conditions based on
previous work,9 piperidine 2a was treated with n-BuLi at
−40 °C in THF. After 10 minutes the organolithium intermedi-
ate could be trapped with MeOCOCl to give the quenched
product 9a in 85% yield. This compound was formed as a
single diastereomer which was assumed to be a result of reten-
tion based on the known reactions of chiral
2-lithiopiperidines.18

By applying the same conditions to the remaining sub-
strates, the corresponding methyl ester derivatives 9b–f could
be isolated. From the results, it seems that electron-withdraw-
ing groups on the 2-aryl substituent such as 4-fluoro and
4-chloro gave the best yields of the ester products (9b and 9c).
In comparison, a slightly lower yield (62%) for ester 9d was
obtained with the electron-donating 4-methoxy group. The
lithiation tolerated a 4-methyl and 3-trifluoromethyl group to
give compounds 9e and 9f with good yields. In addition, the
electrophile scope was expanded to include benzyl chlorofor-
mate, iodomethane, and tributyltin chloride to give products
10–12 respectively. The substrate scope could be expanded to
include piperidines 5 and 8, allowing the synthesis of spirocyc-
lic piperidines 13 and 14 (Scheme 4).

Having established that the spirocyclic piperidines were
able to undergo successful lithiation–trapping, the kinetic
resolution of these compounds was investigated using the
chiral base system of n-BuLi/(+)-sparteine. Initial reaction con-
ditions considered for the kinetic resolution of piperidine 2a
used 0.8 eq. of n-BuLi and 0.9 eq. (+)-sparteine at −78 °C for
1 h followed by addition of MeOCOCl. After purification by
column chromatography, the piperidine (3S,5S)-2a was isolated
in 41% yield with a high enantiomer ratio (er) of 97 : 3. The
corresponding methyl ester (3R,5R)-9a was isolated with a yield
of 49% and er 86 : 14 (Scheme 5 and Table 1). Repeating the

Scheme 2 Examples for kinetic resolution in this work.

Scheme 3 Synthesis of spirocyclic piperidines.

Fig. 1 Single crystal X-ray structure of (±)-2d.
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same conditions on the 4-fluoro derivative 2b gave similar
results: 41% yield for the recovered piperidine (3S,5S)-2b,
accompanied by an excellent er (99 : 1). When applying the
same reaction conditions to the 4-chloro derivative 2c we
encountered problems with stirring the reaction mixture. To
overcome this, the reaction was carried out at a higher dilution
(0.13 M) with an additional 0.2 eq. of n-BuLi and (+)-sparteine.
After quenching the reaction, the recovered starting material
(3S,5S)-2c was isolated in a good yield of 41% with an er of
94 : 6. These reaction conditions were applied to the remaining
substrates, except for the p-MeO derivative 2d, which was more
sluggish to lithiate. After adding 1.5 eq. of n-BuLi and 1.6 eq.

of (+)-sparteine to spirocyclic piperidine 2d at −78 °C, and
quenching the reaction with MeOCOCl, the piperidine (3S,5S)-
2d was obtained in low yield (19%) but with a satisfactory er of
90 : 10. Kinetic resolution of piperidine 2e occurred smoothly
to give the recovered starting material (3S,5S)-2e in a good
yield of 43% with 92 : 8 er. Applying these same conditions to
the 3-trifluoromethyl derivative 2f resulted in a lower yield
(34%) of the piperidine (3S,5S)-2f with a slightly lower er
(88 : 12) (Table 1). In each case, none of the diastereoisomer of

Scheme 4 Racemic lithiation–trapping studies.

Scheme 5 Kinetic resolution studies with piperidines 2 (see Table 1).

Table 1 Results of kinetic resolution with piperidines 2

Starting material Recovered 2 Product 9

2aa

2ba

2cb

2dc

2eb

2fb

a Reaction molarity 0.25 M. b Reaction molarity 0.13 M using 1.0 n-BuLi
and 1.1 (+)-sparteine. c Reaction molarity 0.13 M using 1.5 n-BuLi and
1.6 (+)-sparteine.
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the 5,5-disubstituted products 9a–f was detected by HPLC or
NMR spectroscopy, indicating configurational stability of the
intermediate organolithium. The lower er for these products
fits with almost complete lithiation of the 3R,5R enantiomer of
2a–f and only partial lithiation of the 3S,5S enantiomer.

The kinetic resolution chemistry was extended to the other
spirocyclic derivatives 5 and 8 (Scheme 6). Both substrates
were successful with only 0.6 equivalents of n-BuLi and 0.8
equivalents of (+)-sparteine. The enantioenriched piperidines
(S)-5 and (S)-8 were recovered together with the quenched pro-
ducts (R)-13 and (R)-14 with high selectivities.

To probe the scalability of the reaction, the kinetic resolu-
tion was performed using 2 g of piperidine 2a (Scheme 7).
Although a lower yield of 33% was obtained for (3S,5S)-2a this
was accompanied with an excellent er of 99 : 1 and impor-
tantly, the (+)-sparteine ligand could be recovered through
acid-base extraction of the crude product. The (+)-sparteine
was isolated in 85% recovery after purification, which was then
used in another large-scale kinetic resolution reaction with
piperidine 2c (1 g). Applying the same reaction conditions gave
a similar result where a low yield of 25% was obtained for
(3S,5S)-2c with a very high er of 99 : 1. The yields of these reac-
tions could potentially be improved with further optimisation
(to reduce the amount of 9 and increase the amount of 2).
Overall, this demonstrated that (+)-sparteine could be recycled
and reused successfully without any detrimental loss in
enantioselectivity of the recovered starting materials.

To demonstrate the potential use of the enantioenriched
compounds, further transformations were carried out on
(3S,5S)-2a (er 99 : 1) and (S)-2c (er 99 : 1). Lithiation of (3S,5S)-

2a and (3S,5S)-2c at −78 °C, followed by the addition of
BnOCOCl or MeOCOCl gave enantioenriched esters (3S,5S)-10
and (3S,5S)-9c in good yields. Furthermore, the high er of
99 : 1 was retained from both starting materials (Scheme 8).

With ester (3S,5S)-10 the addition of HCl in dioxane suc-
cessfully gave the boc-deprotected compound (3S,5S)-15 as the
hydrochloride salt. In contrast, when ester (3S,5S)-10 was sub-
jected to hydrogenolysis conditions carboxylic acid (3S,5S)-16
was isolated instead. Overall, this demonstrates that an orthog-
onal deprotection strategy could be successfully applied to
compounds such as (3S,5S)-10 to provide synthetic handles
and allow for further potential functionalisation (Scheme 9).

The stereochemistry of (3S,5S)-9c was confirmed by single
crystal X-ray analysis (Fig. 2). The high Flack parameter of
0.023 was consistent with a single mirror image of this com-
pound. Unlike the 5-monosubstituted piperidine 2d (Fig. 1),
the structure of the piperidine core was not in a chair confor-
mation but in a boat shape. To investigate this further, density
functional theory (DFT) calculations were performed to deter-

Scheme 6 Kinetic resolution studies with piperidines 5 and 8.

Scheme 8 Lithiation–trapping of enantioenriched 2a and 2c.

Scheme 9 Deprotection of enantioenriched ester 10.

Scheme 7 Scale-up of the kinetic resolution.
Fig. 2 Two representations of the single crystal X-ray structure of
(3S,5S)-9c.
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mine the relative energies between the different conformations
of (3S,5S)-9c.

Using the B3LYP-D3BJ functional with the def2-TZVP
basis set (B3LYP-D3BJ//def2-TZVP)19–21 as implemented in
Gaussian09,22 optimisation of the structure of (3S,5S)-9c gave
the boat conformation shown in Fig. 3a. Subsequent optimi-
sation of the two chair conformations of (3S,5S)-9c, where the
p-chlorophenyl group could adopt an axial or equatorial posi-
tion gave the structures shown in Fig. 3b and c respectively.
The lower energy of the two chair conformations was where the
p-chlorophenyl group was in the axial position (ΔG ≈ 2.5 kJ
mol−1 at 298 K) which agreed with previous work.23 A closer
inspection of this axial chair conformation indicated an unfavour-
able interaction between the CH2 of the cyclopropane ring and
the p-chlorophenyl group. However, within the equatorial chair
conformation another potential unfavourable interaction between
the CF2 of the cyclopropane ring and the methyl ester group was
possible. Consequently, the axial and equatorial chair confor-
mations were higher in energy than the optimised boat confor-
mation of (3S,5S)-9c by 1.2 kJ mol−1 and 3.7 kJ mol−1, respect-
ively. Therefore, (3S,5S)-9c adopting a boat conformation
appeared to minimise unfavourable interactions between the
cyclopropane ring and the substituents attached to the α-carbon
position of the piperidine core, making it the preferred confor-
mation, agreeing with the X-ray crystallography results.

Conclusions

In summary, we have demonstrated by using the base n-BuLi
and the chiral ligand (+)-sparteine that kinetic resolution by
deprotonation of 2-arylpiperidines can be successfully extended
to include spirocyclic systems, including those with a gem-
difluoro motif. Excellent yields and high enantiomer ratios can
be obtained even when reactions are performed on multigram
scales. This allows the preparation of highly enantioenriched
piperidines with multiple points of substitution. The tetrasub-
stituted piperidines were found to prefer a boat conformation
and this was confirmed by X-ray analysis and DFT studies.
Further reactions on the enantioenriched compounds can be
performed without any loss in enantiopurity to access substi-
tuted spirocyclic piperidines, which have the potential to be
used as molecular building blocks in academia and industry.
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