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ABSTRACT: The selective synthesis of cis-3,4-disubstituted pyrrolidines and piperidines is achieved by a Pd-catalyzed C—H aryla-
tion with excellent regio- and stereo-selectivity using an aminoquinoline auxiliary at C(3). The arylation conditions are silver free,
use a low catalyst loading, and employ inexpensive K,CO; as a base. Directing group removal is accomplished under new, mild
conditions to access amide, acid, ester and alcohol containing fragments and building blocks. This C—H arylation protocol enabled a

short and stereocontrolled formal synthesis of (—)-paroxetine.

Saturated nitrogen heterocycles present crucial pharmaco-
phores and structural elements in natural products and pharma-
ceuticals (Figure 1)."* As such, substituted pyrrolidines and pi-
peridines are highly desirable as building blocks in medicinal
chemistry, and as fragments for screening in fragment-based
drug discovery.’ This is complemented by the continuing drive
to incorporate more topologically diverse and sp’-rich struc-
tures into pharmaceutical screening libraries.* Consequently,
enormous synthetic efforts are directed at their synthesis,”® with
stereocontrolled methods of particular value.
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Figure 1. Piperidine and pyrrolidine rings in biologically active
compounds.

C-H Functionalization has enormous potential to satisfy the
criteria for iterative and divergent synthesis of analogues as re-
quired in a medicinal chemistry program.” However, there are
only limited examples of C—H functionalization on saturated
heterocycles, particularly at positions remote from the heteroa-
tom.**'"™"® To date, all examples of directed C—H arylation at

unactivated positions of nitrogen-heterocycles use palladium
catalysis. We first reported the regio- and stereospecific C(3)
arylation of proline derivatives using Daugulis’ aminoquinoline
amide (AQ)'" as a directing group (Figure 2).'""
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Figure 2. Directed C(sp”)-H arylation of saturated N-heterocycles
at unactivated positions. Q = 8-quinolinyl, Arg = p-CcF4CF;.

We later adapted the conditions to pipecolinic acid deriva-
tives.”” Wu and Yu independently developed a similar process
for C(3) arylation of piperidines,'*"* and Schreiber reported the
directed C(3) arylation of azetidines and pyroglutamic acid deriv-
atives.'® Maes described the C(5) y—arylation of 3-aminopiperi-
dine using a picolinamide directing group, via a bridged 5-mem-
bered palladacycle.'” Sanford demonstrated a remarkable remote
arylation of bridged heterocycles using an N-linked directing



group, which included an example of the C(4) arylation of a pi-
peridine.'® However, there have been no reported studies on N-
heterocycles which pose a regioselectivity question with beta-
hydrogens in different environments. Yu reported a single ex-
ample of piperidine arylation with a C(3) directing group, which
preferentially gave C(4) arylation as a 1:1 mixture of diastereo-
isomers, using NHC ligands.""

As part of our program on fragment-oriented synthesis, we
have targeted substituted N-heterocycles with defined substitu-
tion patterns.'"'"” Here we describe the regio- and stereoselective
C—H arylation of pyrrolidine and piperidine derivatives at C(4),
using a C(3) linked AQ directing group. Conditions were devel-
oped that provided high functional group tolerance. Divergent
removal of the directing group delivered varied fragments and
building blocks suitable for use in medicinal chemistry.

We initially addressed the functionalization of pyrrolidine-3-
carboxylic acid which has the potential to undergo C(2) or C(4)
arylation, although the C(2) position of pyrrolidines is often
considered activated due to the weaker C—H bond. We used the
bulky N-Boc protecting group alongside a bidentate AQ direct-
ing group,” expecting the sensitivity of oxidative addition of
Pd" to Pd" to steric hindrance to promote C(4) regioselectivity.
Pleasingly, reacting pyrrolidine 1 with 4-iodoanisole, Pd(OAc),
and AgOAc in toluene gave C—H functionalization preferen-
tially at the unactivated C(4) position (2a, 28%) with complete
cis-selectivity, along with C(2) arylation as the minor product,
3a (Table 1, entry 1).

The reaction conditions were then adjusted to optimize the
yield of 2a and avoid the use of silver salts.”’ Changing the base
to CsOAc gave an improved yield of 2a (47%), but a significant
amount of isomer 3a was still observed (entry 2), while Cs,CO;
was found to promote epimerization of the product to trans-sub-
stituted 4a (entry 3). On the other hand, the combination of
K,COj3 and pivalic acid resulted in improved selectivity for 2a
(entry 4). In the absence of PivOH there was a drop in yield
(entry 5). Preformed potassium pivalate resulted in a lower
yield and selectivity, and less bulky acids, such as AcOH, were
less effective (entries 6, 7). More coordinating solvents, such as
t-amyl-OH, lowered conversion and increased epimerization
(entry 8). On the other hand, a,o,a-trifluorotoluene afforded
the desired product in an improved 46% yield with less C(2)
functionalization (entry 9). Pleasingly, the base loading could
be halved to 1 equiv without affecting the yield (entry 10). In-
creasing the amount of PivOH to 1 equiv and the reaction con-
centration to 1 M raised the yield to 71% (entry 11). This ena-
bled isolation of the cis-isomer 2a in 64% yield on a 0.5 mmol
scale, and a comparable yield was obtained on a 4 mmol scale
by increasing the concentration to 2 M (Scheme 1). Attempts at
further improving the conversion led to inferior results, as
higher catalyst loading, temperature or reaction time gave a re-
duction in the recovered material, or increased amounts of epi-
merization (Table 1, entries 12—14).

Using the optimized conditions (Table 1, entry 11), the scope
of the reaction was further investigated (Scheme 1). In all cases,
the products (2 and 9-12) were isolated exclusively as cis-iso-
mers, and with very high C(4) selectivity. Using enantioen-
riched (S)-1 gave (+)-2a with complete retention of enantio-
meric excess. This indicates that no racemization of either the
starting amide (§)-1 or the arylated derivative (+)-2a occurred
under our C—H functionalization conditions.

Table 1. Selected optimization for the C—H arylation of N-

Boc pyrrolidine amide 1.

0 o) o) o)
AQ  (3equv) | PMR AQ AQ PMR \}»\—AQ
PA(OAG); (5 mol %)
N _ base,PVOH N + PMP + N
Boc solvent Boc Boc Boc
1 110°C, 18 h 2a 3a 4a
~ ield (%)”
entry’  base S9UY solvent yield (%)
PivOH  (concn) 1 2a 3a  da
1 AgOAc - PhMe (0.3) 58 28 9 -
2 CsOAc - PhMe (0.3) 23 47 11 -
3 Cs,CO; - PhMe (0.3) 72 3 - 10
4 K,CO; 03 PhMe (0.3) 53 36 5 -
5 K,CO; - PhMe (0.3) 59 26 4 -
6 PivOK - PhMe (0.3) 50 31 9 -
7¢ K,CO; 03 PhMe (0.3) 69 20 2 -
t-amyl-OH )
8 K,CO; 03 (0.3) 75 11 7
9 K,CO; 03 PhCF; (0.3) 42 46 6 -

10  K,CO; 03  PhCF;(0.3) 36 48 4 -

71
(64)

PhCF;(1.0) 15 61 5 -
PhCF;(1.0) 20 60 6 5
PhCF;(1.0) 24 65 5 5

11 K,CO; 1.0  PhCF;(1.0) 22

12% K, CO; 1.0
13%¢  K,CO; 1.0
4% K,CO; 1.0

“ Conditions: 1 (0.2 mmol), base (2 equiv), solvent (concentra-
tion of 1). b Calculated by '"H NMR spectroscopy using 1,3,5-tri-
methoxybenzene as internal standard. Isolated yield in parentheses.
¢ AcOH instead of PivOH. ¢ 1 equiv K,CO;. ¢ 0.5 mmol scale.
/10 mol % Pd(OAc), €130 °C. "24 h reaction time.

Changing the N-protecting group from Boc (1) to Cbz (5) or
methyl carbamate (6) gave very similar results with 4-iodoan-
isole (9a and 10a respectively); Boc and Cbz groups were both
used interchangeably to investigate the reaction scope. Tri-
fluoroacetamide (7) and N-Boc glycine amide (8) derivatives
were successful but gave lower yields (11a, 12a). Various para-
substituted aryl iodides were investigated (2/9b-h). In general,
higher yields were obtained for more electron rich aryl iodides.
Halogens were well tolerated, and provided suitable functional-
ity for further reactions (2d—f). Using an ester group in the 4-
position led to a 31% yield, though the yield could be slightly
improved under more forced conditions (2h). Aryl iodides with
meta-electron-withdrawing groups were similarly tolerated (9i,
2j), and the 2-napthyl derivative gave a good yield (9Kk). ortho-
Substituents were not tolerated: a 2-fluoro-substituted example
91 was isolated in 15% yield under forced conditions. Electron-
rich benzodioxole and trimethoxybenzene functionalities were
installed in high yield, as well as N-Boc aniline (2m—n, 90). Im-
portantly, groups sensitive to oxidation were successfully in-
stalled. Unprotected aniline, dihydrobenzofuran, sulfide and
benzyl alcohol functional groups were tolerated (9p—q, 2r-s).
Vinylated product 2t was obtained in 20% yield using E-j-
styryl iodide. Heteroaryl substituents were also successfully in-
stalled with 2-iodothiophene and 2-chloro-5-iodopyridine giv-
ing 56% and 23% yields respectively (9u,v).



Scheme 1. Scope of N-protecting groups and aryl iodides for
pyrrolidine C-H arylation.”
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“Reactions on 0.5 mmol scale. All products were isolated as cis-
diastereomers and <5% C2-arylation. 52 M concentration. ¢ 5 equiv
Ar-1, 48 h. 4 equiv Ar-1, 48 h. ¢ 4 equiv Ar-I, 72 h.

Finally, 5-iodoindole derivatives were successful both for N-
Ts and free N-H indoles, affording the arylated products 9w,x
in good yields.

Epimerization of 2a could be readily promoted to form the
trans-pyrrolidine derivative 4a in 85% yield by heating with
Cs,CO; in toluene, as suggested by the optimization studies
(Scheme 2). Using the enantioenriched product (+)-2a gave the
trans-epimer (+)-4a in 68% yield with full retention of ee.”

Scheme 2. Epimerization of 2a to trans-4a with retention of
enantiomeric excess.
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The same arylation conditions proved suitable for the corre-
sponding piperidine AQ amides 13 (R = Boc) and 14 (R = Cbz),
giving 3.,4-disubstituted piperidines (Scheme 3). In this case, a
minor trans-configured product was isolated directly from the
reaction mixture (6:4 to 7:3 dr), by SiO, flash column chroma-
tography which separated both components. As with the pyrrol-
idines, N-Boc and N-Cbz derivatives were similarly successful
affording cis/trans 15/16 and 17/18 respectively.

Various para and meta-substituted aryl iodides were success-
ful, with combined yields ranging from 25% to 69% depending
on the electronics of the substituents. p-Fluoro and p-chloro aryl
groups were installed in 58% and 44% overall yields, respec-
tively. Interestingly, in this piperidine series the reaction with
ortho-iodoanisole was successful, affording cis-derivative 15z

in 44% yield, where this was unreactive with pyrrolidine sub-
strate 1. Thiophene and N-H indole functionality were intro-
duced in up to 66% combined yield (15/16u,x).

Scheme 3. Scope of N-protecting groups and aryl iodides for
piperidine C—H arylation.”
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“Reactions on 0.5 mmol scale. Isolated yields of single diastere-
oisomers. Using 3.4 mmol 13, 2 M concentration. ¢ trans-Isomer
inseparable from recovered 13/14.

Unlike with the pyrrolidines, the presence of the trans-piper-
idine isomer is due to formation of a frans-palladacycle.” Pi-
peridines 15a and 16a were resubjected to the reaction condi-
tions and were recovered without epimerization or further reac-
tion. Attempts to epimerize either cis-15a or trans-16a to the
other isomer using Cs,CO; gave no reaction. Indeed, epimeri-
zation was observed only with ~-BuOK on 15a to give the trans-
epimer (97% isolated yield). Epimerization of enantioenriched
(+)-15d was also successful using DBU, which afforded (+)-
16d (see Supporting Information for further discussion). Im-
portantly, this isomerization gave the enantiomer of the trans
product formed in the arylation reaction [(-)-16d], supporting
the proposed trans-palladacycle.

To access fragments and building-blocks of interest for drug
discovery programs it was crucial to remove the directing
group, which was accomplished under several conditions
(Scheme 4). Using Maulide’s ozonolysis protocol and treatment
with ammonium hydroxide** gave primary amide 19 in 49%
yield. However, this strategy was not successful with the more
electron rich anisole derivative and the starting material was not
recovered. Alternatively, installation of a Boc group to form ac-
tivated amides 20 and 21 provided various alternative path-
ways. cis-Carboxylic acid 22 was formed in excellent yield as a
single diastereomer on hydrolysis with lithium hydrogen perox-
ide.”” Secondary amide 23 was obtained in 69% yield by trans-
amidation with benzylamine in toluene as the cis-isomer only.
Formation of the methyl ester was achieved using K,COs in
MeOH at rt with some epimerization, so both isomers cis-24
(56% yield) and trans-24 (29% yield) were isolated.”® Reduc-
tion of 20 with LiAIH, gave alcohol 25 as a single cis-diastere-
oisomer in 76% yield, whereas the use of NaBH, caused epi-
merization. As a complementary strategy, trans-carboxylic acid
26 was obtained directly from the cis-carboxamide 2a by hy-
drolysis with NaOH. Boc-deprotection gave unnatural amino
acid 27 in high yield as the TFA salt. Cleavage of the AQ group
from piperidine amide 15a was accomplished using a similar
Boc activation and hydrolysis to give acid 28 in 61% over two
steps.



Scheme 4. Divergent removal of AQ directing group.
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Finally, piperidine C—H functionalization was applied to the
formal stereocontrolled synthesis of blockbuster antidepressant
drug (-)-paroxetine (Scheme 5).>*"** Starting from readily
available N-Boc (R)-nipecotic acid, arylation was performed on
4 mmol scale, affording cis arylated product (+)-(R,R)-15d in
>99% ee and 43% yield (12% (-)-trans-isomer, 99.2% ee). Se-
lective C(3) epimerization of the major cis-isomer with DBU
gave (+)-16d with the correct trans-stereochemistry. Removal
of the aminoquinoline directing groups was achieved by amide
activation and reduction with LiAlH, affording (-)-(S,R)-29 as
a single stereoisomer, so completing this formal synthesis of
(-)-paroxetine.”

In conclusion, we have developed a regio- and stereo-selec-
tive palladium catalyzed C(4)-H arylation of pyrrolidine and
piperidine derivatives, bearing a C(3) directing group. The con-
ditions are tolerant of varied functionality in the aryl iodide cou-
pling partner. Epimerization can access the trans-isomers. New
conditions are developed for directing group removal to provide
biologically relevant motifs as demonstrated by the stereocon-
trolled formal synthesis of (—)-paroxetine.

Scheme 5. Stereocontrolled synthesis of antidepressant (—)-
paroxetine.
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