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Introduction

Nitrogen-containing heterocycles are privileged structures in
medicinal chemistry and present in a high percentage of FDA-
approved pharmaceuticals." Of these nitrogen-containing het-
erocycles, piperidine is the most abundant. Piperidines are
common in biologically-active natural products and drugs,>
making them a regular target for synthesis.® Spirocyclic piper-
idines are also of wide interest, being found in an array of
natural product structures, and recognised as desirable motifs
in medicinal chemistry (Fig. 1).* This interest is part of a
broader drive to explore biologically active molecules with
greater 3-dimensionality, as molecules with high ‘3D character’
tend to occupy areas of chemical space that have been less
well-explored (traditionally) in drug discovery.® The advan-
tages of such spirocyclic systems are that they are confor-
mationally rigid and position hydrogen-bonding donor and
acceptor atoms at well-defined positions for interaction with
suitable protein receptors.” They also offer the opportunity to
develop novel intellectual property, through a richer diversifi-
cation in chemical structure, beyond simple carbocyclic
systems.

Contemporaneous with our work on the synthesis of
racemic 2-spiropiperidines,” a review article was published
summarising methods for the synthesis of spiropiperidines
and describing their use in pharmaceutical molecules.** This
review highlighted 3-spiropiperidines as being relatively under-
represented structures, while 4-spiropiperidines are the most
frequently synthesized in medicinal chemistry research
programs.**
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3-Spiropiperidines can be synthesized in up to 87% yield and 96:4 er using a two step 'Clip-Cycle’
approach. The ‘Clip’ stage of this method is based on efficient and highly E-selective cross metathesis of
N-Cbz-protected 1-amino-hex-5-enes with a thioacrylate. This is followed by the ‘Cycle’ step, in which
an intramolecular asymmetric aza-Michael cyclization is promoted by a chiral phosphoric acid catalyst.

Thus, we decided to explore the development of a general
strategy for the asymmetric synthesis of 3-spiropiperidines,
based on our recently reported asymmetric ‘Clip-Cycle’ syn-
thesis of pyrrolidines and tetrahydropyrans.® The ‘Clip-Cycle’
approach had not been used to prepare piperidines prior to
this study. We envisaged a synthesis based on “Clipping” a
N-protected 1-amino-hex-5-ene with a thioacrylate via an
alkene metathesis reaction, followed by the ‘Cycle’ step, where
the N-protected amine undergoes aza-Michael cyclization cata-
lysed by a chiral phosphoric acid (CPA) to yield enantio-
enriched piperidines (Scheme 1). Advantages of this ‘Clip-
Cycle’ approach are that both the metathesis and the aza-
Michael reactions are catalytic, it enables the straightforward
synthesis of a range of functionalized piperidines by changing
the aminoalkane reagent, and that the thioester can be trans-
formed into a variety of other functional groups under mild
conditions post cyclisation. The successful realisation of this
strategy is described herein, demonstrated by the enantio-
selective synthesis of ten thioester-containing 3-spiropiperi-
dines, formed in yields up to 87%, with enantiomeric ratios up
to 97:3.
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Fig. 1 Marketed spiropiperidine-containing drugs.
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Scheme 1 Asymmetric ‘Clip-Cycle’ synthesis of 3-spiropiperidines.

Results and discussion

Initial optimisation studies focused on the N-Cbz-2-spirocyclo-
hexylhex-5-ene substrate 1a as a model for the formation of
3-spirocyclicpiperidines 4a-c (Table 1). The p-tolyl thioester 2a
was chosen as the ‘Clip’-partner, as it had been applied suc-
cessfully in pyrrolidine formation.®*” For all of the optimi-
sation studies, the ‘Clip’ product 3a—c was first prepared using
an alkene cross-metathesis protocol, using the Hoveyda-
Grubbs Catalyst™ 2"¢ generation (reaction conditions are
described in detail later; vide infra Scheme 3). The yields and
er in Table 1 relate to the ‘cycle’ step, ie. the conversion of
alkenes 3a-c into piperidines 4a-c.

The reaction conditions identified as being successful for
pyrrolidine synthesis previously®” were examined first (Table 1,
entries 1 and 2). It was initially disappointing to discover that

Table 1 Initial studies into the ‘Clip-Cycle’ formation of 3-spirocyclic
piperidines 4a, 4b and 4c

CyCLIPCT CYCLE
%He-n (10 moi%), (s CPA 5a-d o o
: 1,2-DCE, 50°C (20 mol%) "
NH Io NHY —— N SAr

)
Cb% solvent,

1
Cbz Cbz
0,
VJ\SAr (0] SAr Toc
1a 2a, Ar = p-Tol 3a 24h 4a
2b, Ar = p-NO,CgHy 3b 4b
2c, Ar = Mes 3c 4c

R CPAs used
OO o) a, R = iMes, (R)-TRIP

Ol b, R=SiPhy, (R)-TIPSY

~P<
0" "OH ¢ R= anthracenyl, (R)-anthra

O 5 d, R = phenanthryl, (R)-phenanth
R

Entry  Substrate CPA  Solvent/Temp (°C)  Yield (%) er’

1 3a 5a Cyclohexane/80 10 96:4
2¢ 3a 5a Cyclohexane/80 21 96:4
3 3a 5a Octane/100 36 94:6
4 3b 5a Cyclohexane/80 20 92:8
5% 3b 5a Cyclohexane/80 21 84:16
6 3b 5a Octane/100 55 89:11
7 3c 5a Octane/100 48 97:3
8 3c 5a Octane/110 63 95:5
9 3c 5b Octane/100 17 38:62
10 3c 5c Octane/100 67 92:8
11 3c 5d Octane/100 21 62:38
12 3a 5c¢ Octane/100 80 93:7
13 3a 5¢c Cyclohexane/80 78 96:4

The reactions were run for 24 h with 20 mol% of the specified CPA
catalyst in the specified solvent (0.02 M) unless stated. “ Run for 48 h.
b Determined by chiral stationary phase HPLC (see ESIf for details).
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the yield of the piperidine 4a was low. Under these conditions,
the cyclisation step was sluggish, limiting overall product for-
mation due to low conversion. Increasing the temperature to
100 °C did not result in a substantial improvement (entry 3),
although it was encouraging that high enantioselectivities
were observed at these elevated temperatures. To help drive
the cyclisation reaction to completion, the aryl group of the
thioester was changed to a p-nitrophenyl group (2b), with the
idea being to increase the electrophilicity of the Michael-
accepting motif. However, this structural change made little
difference at 80 °C (entry 4). Extending the reaction time to
48 h (entry 5) resulted in an erosion in the enantiomeric ratio
of piperidine 4b and little change in product formation. When
the reaction was run in octane at 100 °C, the reaction pro-
gressed further, and the yield of 4b increased to 55% at the
expense of the enantioselectivity (entry 6). We reasoned that
the reduction in enantioselectivity at higher temperatures
could be mitigated by using a bulkier thioester. Mesityl thio-
ester 2¢ was therefore investigated, and both the yield and the
enantioselectivity increased using this substrate (¢f entries 3
and 7). Increasing the temperature further resulted in greater
yields and only a slight drop in enantioselectivity (entry 8).

The next factor to be examined was the choice of chiral
phosphoric acid (CPA) catalyst. Studies had initially employed
only (R)-TRIP 5a as the catalyst. The use of (R)-TiPSY 5b, and
(R)-phenanth 5d both resulted in a reduction in enantio-
selectivity and yields. Although interestingly, the use of 5b
resulted in the opposite enantiomer being formed as the
major product (entries 9 and 11). Catalyst (R)-anthra 5c, was
the most effective, forming piperidine 4c in the highest yield
so far of 67% and with excellent enantioselectivity 92 : 8 (entry
10). Subjecting the original test substrate 3a to these reaction
conditions with 5c afforded 4a in 80% yield and with an enan-
tiomeric ratio of 93 : 7. Finally, the temperature was reduced to
80 °C to see if the conversion/yield and enantioselectivity
could be conserved under these milder reaction conditions;
this was indeed the case, with 4a being formed in 78% yield
with an enantiomeric ratio of 96:4. Note that Table 1 shows
selected screening results only; for a more complete summary
of the optimisation studies, see ESI Tables S1-S6.}

Next, attention turned to examining the scope of the reac-
tion. To enable this, a series of N-Cbz-protected 1-amino-hex-5-
ene substrates (1a,d-k) was prepared, starting from nitriles 6
using the three-step protocol summarised in Scheme 2. Full
synthetic and characterisation details for all steps and pro-
ducts formed are described in the ESIL.¥

The resulting alkenes (1a,d-k) were then reacted with thioa-
crylate 2 in a cross metathesis reaction with the Hoveyda-

R i) LDA, THF R ii) LiAlHg4, Et,0 R
)\ -78°C _ R N . 0°C R\r\/\
RT X}, then ! iii) CbzCl NH
S ag. KC03 )
6adk Br ~ N 7adk 1 4-dioxane Cbz 1a,d-k

Scheme 2 Synthesis of N-Cbz-protected 1-amino-hex-5-ene starting
materials.

This journal is © The Royal Society of Chemistry 2024
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(0]
R R
]\/\K \)J\SAr 2 A
-

NH H
| HG-II (10 mol%), 1,2- Cbz
C*;Z DCE, 50 °C, 24 h 07 “sAr
Ar = p-Tol 3

NH
Ar Cbz Ar

3a, Ar= p-ToI, 76% 3d, 87% 3e, 80%
3b, Ar = p-NO,CgHy, 84% Ar = p-Tol Ar = p-Tol
3c, Ar = Mes, 82%

(0) S
D! D! D! D!
Cbz o S,Ar Cbz o s,Ar Cbz o S,Ar Cbz o s,Ar

39, 70% 3h, 64% 3i, 79% 3j, 43%
Ar = p-Tol Ar = p-Tol Ar = p-Tol Ar = p-Tol

3f, 91%
Ar = p-Tol

Scheme 3 ‘Clipping’ 1-amino-hex-5-enes 1 with thioacrylates 2 using
cross metathesis.

Grubbs Catalyst™ ond generation, in the ‘Clip’ phase of the
overall ‘Clip-Cycle’. Based on the optimisation results (Table 1)
the p-toluene substituted thioester 2a was chosen to take
forward into the substrate scoping studies; products 3b and
3c, used in the earlier optimisation study, are also shown for
completeness. The expected products 3a-j were formed in
43-91% yields, as a single E-isomer in all cases (Scheme 3).
Attention then turned to the ‘Cycle’ phase, using the opti-
mised conditions for cyclisation (Table 1, entry 13). Substrates
containing a carbocyclic spirocycle all worked well; homol-
ogues 4a-d were each formed in good yield and er using the
standard protocol (Scheme 4). To test whether the carbocycle
provides a benefit to cyclisation, a dimethylated substrate 3g
was also tested for comparison. In this case the isolated yield
was much lower (29%), although notably the er (95:5)
remained high. Larger carbocyclic product 4h and thioether
spirocycle 4j were each formed in lower yield also, again with
the er high. Cyclic ether containing spirocycle 4i was formed
in much better yield, with the er also high. In the three lower
yielding examples (4g,h,j) the majority of the mass balance
was accounted for by unreacted starting material. As the er was
high in all three cases, we expect that further optimisation
would allow these products to be isolated in higher yield, by
optimising the conditions to increase the reaction conversion
(e.g. using conditions similar to those in Table 1, entry 12).§
To assign the absolute stereochemistry of the products
formed, the ‘Clip-Cycle’ approach was used to prepare piper-
idine 4k without a spirocyclic moiety. The yield was low in this

§ Unfortunately, the development of the ‘Clip-Cycle’ approach will not continue
in York as Prof Paul A. Clarke passed away in November 2023. This manuscript
is therefore presented for the scientific record, and to disclose value of this new
piperidine forming method. Other researchers interested in continuing to study
‘Clip-Cycle’ reactivity based on the results described herein are strongly
encouraged.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
R CYCLE
R
™ CPA 5c¢ (20 mol%z
NH
| cyclohexane
Cbz Aear 80°C, 24 h
3a,d-j Ar = p-Tol 4a,d-J

W W w o
) ) ) )
Cbz o S,Ar Cbz o S,Ar Cbz o S,Ar Cbz o S,Ar

4a,78%,96:4 e.r  4d, 80%, 96:4 e.r 4e, 63%, 82:18 e.r 4f, 87%, 89:11 e.r
Ar = p-Tol Ar = p-Tol Ar = p-Tol Ar = p-Tol

(0] S
ant o I\_‘\\ I\‘\\\
) ) ) )
Cbz o S,Ar Cbz o S,Ar Cbz o S,Ar Cbz o S,Ar

49, 29%, 95:5e.r  4h, 14%,95:5 e.r 4i, 65%, 94:6 e.r 4j, 14%, 96:4 e.r
Ar = p-Tol Ar = p-Tol Ar = p-Tol Ar = p-Tol

Scheme 4 Asymmetric cyclisation of alkenes 3 to form enantio-
enriched piperidines 4. Enantiomeric ratios were determined by chiral
stationary phase HPLC (see ESI7 for details).

case, but the er was found to be in line with the spirocyclic
derivatives; attempts to improve the outcome of this reaction
using other CPA catalysts were unsuccessful (see ESI,
Table S6t). Hydrolysis to carboxylic acid 8 enabled assignment
of the S-stereochemistry shown, by measuring its optical
rotation and comparing to literature data for the known
R-enantiomer.’ This allowed for the assignment of the absol-
ute stereochemistry of all other substrates described in this
manuscript, by analogy (Scheme 5). The major enantiomer

OZL

E>CL'P<3 CYCLE
CPA 5¢
7 SAr2a_ 20 mol%)

\
N
cbl | cyclohexane
1,2-DCE bz SAr 80 °C, 24 h

| HG 11 (10 mol%)

50°C, 24 h 3K, so% 4K, 21%, 84:16 e.r.
Ar = p-Tol NaOH, H,0,
THF
X
Cb
? 0% 0oH
8, 92%

HG-II (10 mol%)

1,2-DCE
CYCLE 50°C, 24 h
O(jj\ CPA 5¢ O(H
(20 mol%) NH
Cot cyclohexane cot
41, 0% 80°C, 24 h A"‘r' _7;04’0,

Scheme 5 ‘Clip-Cycle’ synthesis of 4k and hydrolysis to 8 to confirm
the absolute stereochemistry and the unsuccessful attempted synthesis
of 2-spiropiperidine 4l.
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formed was the same as that produced in the preceding pyrro-
lidine- and tetrahydropyran-forming variants of the method,
and hence the enantioselectivity can be explained using the
models previously established.?**

We also attempted the synthesis of 2-spiropiperidine 41
using the ‘Clip-Cycle’ approach. In this case, the ‘Clip’ step
proceeded as expected, with alkenes 1l and 2a undergoing
efficient cross metathesis to form 31 in good yield. However, 31
did not react under the optimised cyclisation conditions, likely
due to the increase in steric bulk adjacent to the protected
amine inhibiting the aza-Michael step; unreacted 31 was
recovered.

Conclusion

In summary, the efficacy of the ‘Clip-Cycle’ approach for 3-spir-
opiperidine synthesis has been validated, with ten 3-spiropi-
peridine products generated in yields up to 87% yield. The
‘Clip’ step proceeds smoothly, with the Hoveyda-Grubbs
Catalyst™ 2" generation used to promote cross metathesis of
N-Cbz-protected 1-amino-hex-5-enes with thioacrylates. The
‘Cycle’ step is best promoted by a chiral phosphoric acid cata-
lyst (R)-anthra 5c¢, to afford the 3-spiropiperidine products in
up to 97:3 er. The synthesis of a non-spirocyclic piperidine
was also completed, to enable the assignment of absolute
stereochemistry.

This study represents the first report of the ‘Clip-Cycle’
method being used to prepare piperidines. Having validated
its efficacy for 3-spiropiperidine synthesis, we anticipate that
similar ‘Clip-Cycle’ strategies will also allow the preparation of
a much wider range of functionalised, biologically important
piperidines.§
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