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Abstract: A selective Pd-catalyzed C(3)-H cis-
functionalization of piperidine and tetrahydropyran
carboxylic acids is achieved using a C(4) amino-
quinoline amide auxiliary. High mono- and cis-
selectivity is attained by using mesityl carboxylic
acid as an additive. Conditions are developed with
significantly lower reaction temperatures (<50°C)
than other reported heterocycle C(sp’)—H function-
alization reactions, which is facilitated by a DoE
optimization. A one-pot C—H functionalization-
epimerization procedure provides the trans-3,4-
disubstituted isomers directly. Divergent aminoqui-
noline removal is accomplished with the installation
of carboxylic acid, alcohol, amide and nitrile func-
tional groups. Overall, fragment compounds suitable
for screening are generated in 3—4 steps from
readily-available heterocyclic carboxylic acids.

Keywords: C—H functionalization; Nitrogen hetero-
cycles; Oxygen heterocycles; Stereoselectivity

Saturated N- and O-heterocycles are widespread motifs
in natural products and marketed drugs, as well as
valuable building blocks in medicinal chemistry.!?
Recently, there has been an increased drive to include
saturated heterocycles in screening libraries,”! as well
as an empirically observed link between sp’-rich
structures and lower attrition rate in drug discovery
programs.'! Small saturated heterocycles are advanta-
geous starting points in fragment-based drug discovery
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due to their low molecular weight, propensity for H-
bonding and potential for 3D growth-vectors along the
C(sp*)—H bonds.” ™ The ability to expediently access
any defined substitution pattern would hence be highly
desired to elaborate a lead or fragment hit.

Methods to access substituted piperidines and other
6-membered substituted heterocycles primarily rely on
prefunctionalized precursors that can undergo
cyclisation,”™ ring expansion, or hydrogenation.”'"!
The increased acidity of protons adjacent to the
heteroatoms has also enabled the extensive investiga-
tion of o-functionalization,!'! however, robust and
selective methods for direct ring substitution at other
positions are currently scarce.!'*"!

Transition metal-catalyzed C—H functionalization
has enormous potential to aid diverse functionalization
along C(sp’)—H bonds from common feedstocks in an
expedient fashion.'"*"”] Regiocontrol still remains a
challenge in saturated heterocycles, where the C(2)
position is considerably more activated than C—H
bonds away from the heteroatom.!'” Palladium-cata-
lyzed methods have been developed to allow regio-
and stereocontrolled functionalization of the more
challenging remote positions by exploiting directing
groups (Figure 1a).l'*"7

In 2014 we reported the selective C(3) cis-arylation
of proline derivatives using an aminoquinoline direct-
ing group.!"*'”! cis-Functionalization of piperidines and
O-heterocycles with C(2) auxiliaries have subsequently
been demonstrated,”**! as well as other ring
sizes.”* " Moving the directing group to the C3-
position presents further selectivity requirements. We
recently reported the selective C(4) arylation of
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a) Selected examples of stereoselective heterocycle C-H arylation

-----

Cbz o 0 R
Bull, 2014 Babu, 2015 Bull, Wu, 2016
Bull, 2016 R=Boc, Cbz; D=Q
S Yu, 2016
H (e} R=TFA; D=Ar
P ‘H N r
== NHQ ! \“/Py it
hhbbd 1 Q= 8-quinolinyl !
N " 0 ¢ Arg = p-CoF4CF3 |
Boc Boc L Pyr = Zpyridyl
Bull, 2018 Maes, 2016
b) C-H Functionalization with C-4 directing groups
Yu, 2016 o NHAre Tol-I (2 equiv) o NHAre
NHC-HCI (20 mol%)
Pd(TFA), (10 mol%) Tol
—eeeeeeee
Ag,CO3 (2 equi
X g2C03 (2 equiv) X
CgFe, 100 °C, 24 h
------------------------------ ) X= 0 37%, dr 1:1
i : N-TFA  57%, dr3:2
'NHC-HCI = - '
: JN—tBu N-Troc  52%, dr 1:1
tBu” cr
c) This work:
O, NHQ [e] NHQ
@ z
Pd cat.
RCO,H
—_—
X 45°C,24h -NHQ X
X =0, NBoc hallenges: Z = CONH,, COOH
challenges: CN, CH,OH
cis-selectivity
high conversion
mono-functionalization
AQ removal

Figure 1. Directed C(sp*)—H arylation of saturated heterocycles
at unactivated positions.

piperidines and pyrrolidines with a C(3) aminoquino-
line amide.”™ Maes reported the use of a C(3)
picolinamide directing group to form 3,5-syn-disubsti-
tuted piperidines,”” and Sanford developed a C(4)
piperidine functionalization using an N(1)-linked di-
recting group.”” Notably, many of these reports
obtained high levels of diastereoselectivity, often due
to local steric requirements or stereospecific mecha-
nistic features, though different, and often forcing
reaction conditions were required.

Despite ongoing advancements, the C—H function-
alization of 6-membered heterocycles with C(4) direct-
ing groups remains little studied with only a few
isolated examples to date. Achieving high conversion
with these substrates presents an additional challenge
due to the potential for diarylation. Furthermore, these
examples have commonly seen low diastereoselectiv-
ity. Yu reported early single examples of arylation,”"
and alkynylation® on tetrahydropyrans. In 2016 Yu
developed a C(3) arylation of N-heterocycles with a
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C(4) directing group as part of a broader study using
Pd-catalysis with an NHC ligand, with low diastereo-
selectivity (Figure 1b).** More recently, Yu reported
an O-linked C4 directing group with a single example
on a tetrahydropyran (2:1 cis:trans).?

Here we report the stereoselective synthesis of cis-
3,4-disubstituted piperidines and tetrahydropyrans, by
C(3) arylation in the presence of a C(4) aminoquino-
line amide directing group (Figure 1c). Notably, using
moderate temperatures (45-50°C) achieved high selec-
tivity for mono-cis functionalization on the unbiased
C(4)-substituted 6-membered ring. To date, this con-
stitutes the first heterocycle C(sp*)—H functionalization
protocol at unactivated positions to not require high
temperatures. This method allows generation of attrac-
tive fragments for screening as single diastereoisomers.

We first examined N-Boc piperidine 4-carboxylic
acid (isonipecotic acid) derivatives bearing bidentate
directing groups.'">* Low reactivities were observed
with amide directing groups containing amine or
sulfoxide second coordinating sites. Interestingly, 2-
(methylthio)aniline amides resulted in exclusive mono-
trans arylation in up to 25% yield.®*! Aminoquinoline
amide 1 displayed the highest reactivity, and became
the focus of our study. However, under conditions
previously reported for piperidines with a C(3) direct-
ing group,”®** a mixture of four arylated products were
observed (Table 1, entry 1). These were identified as
mono-cis and mono-trans arylated piperidines 2a and
3a, as well as di-cis-trans and di-cis-cis isomers 4a
and Sa.

We optimized the reaction conditions aiming to
maximize the yield of 2a, with this cis-product
offering greater potential for downstream diversifica-
tion. Initially various bases were investigated at
110°C. Acetate salts biased the reactivity towards the
preferential formation of 2 a, albeit in modest yields.**!
A breakthrough in selectivity was achieved upon
significantly lowering the temperature. Chen had
previously reported monoarylation of cyclopentanes at
ambient temperature using chlorinated solvents.”!
Reacting 1 with K,CO; in CH,Cl, gave <5% yield
(Table 1, entry 2) whereas Ag,CO; gave 2a exclu-
sively in an encouraging 33% yield over 72 h (Table 1,
entry 3). A range of solvents were screened, including
substituted aromatics, alcohols and polar aprotic
solvents.’* Halogenated aliphatic and aromatic sol-
vents afforded the highest yields of 2a (Tablel,
entries 3—7), and o,a,a-trifluorotoluene gave 40% of
the mono-cis arylation exclusively (Table 1, entry 7).
Increasing the temperature in increments of 10°C led
to a peak of 48% yield at 45°C (Table 1, entry 8).
Above this temperature the overall conversion could
not be enhanced. Instead, formation of mono-trans 3 a
and diarylation to cis-trans 4a was encouraged at the
expense of 2a.

© 2022 The Authors. Advanced Synthesis & Catalysis
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Table 1. Selected optimization for the C—H arylation of piperidine 1.

Os__NHQ
MeO
PMP
Os_NHQ +
(3 0 equiv) N
Pd(OAC); (10 mol %) Boc
base (2.0 equw)
Boc solvent (0.2 M) NHQ
T,72h
0C
4a 5a
Entry!® base solvent T (°C) yield (%)™
2a 3a 4a 5a 1
[led K,CO;4 PhMe!® 110 18 26 10 24 18
2] K,CO; CH,Cl, 25 3 - - - 88
3 Ag,CO;, CH,Cl, 25 33 - - — 55
4 Ag,CO, DCE 25 35 - - - 48
5 Ag,CO; PhCl1 25 31 - - - 57
6 Ag,CO, 0-DCB 25 27 - - - 62
7 Ag,CO, PhCF, 25 40 - - - 52
8 Ag,CO, PhCF, 45 48 5 4 - 37
9 Ag,CO, PhCF, 65 42 7 8 - 36
10 Ag,CO, PhCF; 85 32 8 13 - 38

[l Reactions on 0.2 mmol scale.

] Calculated by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.

(124 h reaction time and 5 mol% Pd(OAc),.
4130 mol% PivOH used as additive.
(10.3 M concentration of 1.

Having identified the reaction temperature as a
crucial factor, we next examined the effect of additives
to increase reactivity, aiming to reduce the reaction
time (Table 2).%* The addition of 30 mol% pivalic acid
and adamantane carboxylic acid did not change the
reaction profile (Table 2, entries 1-3). Dibenzylphos-
phate increased conversion, whereas diphenylphos-
phate and 2-mesitylenecarboxylic acid (MesCOOH)
promoted complete consumption of 1 (Table 2, en-
tries 4-6), which would facilitate purification. More-
over, using MesCOOH, the reaction time could be
reduced to 24 h, limiting diarylation and providing 2 a
in 53% isolated yield (Table 2, entry 7).

Finally, given the interplay of conditions affecting
conversion and side product formation, we further
refined the reaction conditions in a Design of Experi-
ment (DoE) study.’ The workflow involved an initial
definitive screening of all reaction parameters apart
from catalyst loading. This helped confirm the limits
of temperature (45°C) and time (24 h) for a suitable
model, as well as demonstrated that the reaction
outcome is unaffected by additive loading above
30 mol%. Moreover, aryl iodide loading, Ag,CO;
loading and substrate concentration were found to be
the main factors affecting yield and selectivity. These
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parameters were therefore employed in a subsequent
custom design screen aimed at maximizing the
predicted yield of 2a whilst minimizing diarylation
(see Supporting Information for full workflow). Up to
3" order interactions of these parameters were exam-
ined, however, under the set temperature and time
conditions no 2™ or higher order interactions were
seen. Visualization of 3-dimensional response surfaces
of predicted yield against any two of the major factors
revealed a defined dome-shaped surface (predicted
yield against aryl iodide and base equivalents) with a
plateau at 74%. The optimum set of conditions from
the plateau gave excellent correlation with the in-situ
and isolated yields of 2a (Table 2, entry 8 and Fig-
ure 2). Overall, an increased yield and selectivity was
achieved at 45°C along with a reduction in the
equivalents of both aryl iodide and silver carbonate
base that were required.

With the optimized conditions the reaction scope
was investigated (Scheme 1). In the presence of 4-
iodoanisole, the mono-cis isomer (2a) was isolated in
68% yield on 0.4 mmol scale, and 70% yield on
4 mmol scale. Changing the N-protecting group from
Boc (1) to Cbz (6) gave a similar in-situ yield,
although the N-Cbz group led to a more challenging

© 2022 The Authors. Advanced Synthesis & Catalysis
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Table 2. Additive screen for the C—H arylation of piperidine 1.

0Os__NHQ 0s__NHQ
MeO.
\©\ PMP wPMP
0s__NHQ | .
(3.0 equiv) N N
Pd(OAc), (10 mol %) Boc Boc
Ag,COj3 (2.0 equiv) 2a 3a
Boc additive (30 mol %) Oy~ NHQ O~ NHQ
PhCF3 (0.2 M),
1 45°C. t PMP., PMP  PMP. PMP
+
N
Boc Boc
4a 5a

Entry™® Additive t (h) yield (%)™

2a 3a 4a 5a 1
1 - 72 48 5 4 - 37
2 PivOH 72 44 5 4 - 38
3 Ad-COOH 72 46 3 3 - 41
4 (BnO),PO,H 72 55 12 15 2 14
5 (PhO),PO,H 72 31 11 36 21 0
6 MesCOOH 72 45 6 11 20 0
7 MesCOOH 24 57 (53) 10 11 9 9
gl MesCOOH 24 72 (68) 8 9 2 5

[4 Reactions on 0.2 mmol scale.

] Calculated by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.

12.0 equiv. Arl, 1.25 equiv. Ag,CO;, PhCF; (0.3 M).

AgCO; eauiv
w2 m

Aryl g
i
U IRT I e equ,

22 2

Arl (2.0 equiv) |
Ag,CO; (1.25 equiv) |
PhCF; (0.3 M)
Predicted 2a yield: T4%

Predicted Yield

Predicted yielq

Observed 2a yield: 72%
Isolated 2a yield: 68%

Figure 2. Plot of predicted yield of 2a vs aryl iodide and
Ag,CO; equivalents visualized at fixed concentration (0.3 M).
DoE study conducted using JMP Pro 14 and a Custom Design
Screen.!!

purification (9a). N-Acetyl (7) and N-mesyl (8)
derivatives could also be successfully arylated, albeit
in lower yields (10a, 11a). Aryl iodides with various
electronic requirements were successfully employed in
the reaction, affording piperidines 2b—i in good yield
as single diastereoisomers. Halogen substituents were
well tolerated (2c—e), providing a useful handle for
further functionalization. Boc-protected aniline could
be installed in 48% yield (2j). meta-Substituted and
electron-rich trimethoxybenzene and benzodioxole de-
rivatives gave high vyields (2k, 21), as did 2-
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naphthyliodide (2m). 3-Bromo- and 2-fluoro-substi-
tuted aryl iodides were tolerated (2m, 20), though
ortho-substitution resulted in a reduced yield. Unpro-
tected benzyl alcohol functionality was compatible
with the reaction conditions, providing 2q in 50%
yield. Medicinally relevant heterocycles were success-
fully installed, including N-Ts protected indole (2p),
as well as pyridines bearing electron-donating or
electron-withdrawing groups (2r, 2s). 2-lodothiophene
exhibited an unusually high reactivity, whereby the
monoarylation was observed in only trace amounts and
cis-trans diarylated product (2t) was isolated in 55%
yield. Similar high reactivity was seen with styryl
iodide, leading to an equimolar mixture of all four
possible mono- and di-alkenylated piperidines, each
isolated in similar yields (19-21%, 2u).

Minor adaptation of the reaction conditions enabled
application to the corresponding tetrahydropyran ami-
noquinoline amides (Scheme 2). After a screen of
additives, 2-mesitylene carboxylic acid (MesCOOH)
was also identified as best performing in this case,
promoting the highest starting material conversion. A
brief DoE study revealed an additive loading of
15 mol% to be optimal in the presence of a similar
amount of Ag,CO; as was required with piperidine. A
higher loading of aryl iodide could be tolerated and
was employed to enhance reactivity, since high cis-
selectivity was observed for this system, with a

© 2022 The Authors. Advanced Synthesis & Catalysis
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Pd(OAc), (10 mol%) Boc 1.2 Pd(OAC), (10 mol%)
Ag,CO3 (1.25 equiv) 0 ’ H Ag,CO3 (1.5 equiv) Ar
MesCOOH (30 mol%) Cbz 6,9 MesCOOH (15 mol%)
Ac 7,10
PhCF; (0.3 M) Ms 8,11 (¢ PhCF; (0.5 M) )
45°C,24h 12 50°C, 24 h 13
1,68 2,911
Ea Bogso/ X = R =Boc X= OMe 13a 55% HO
0
2a  70% H 2b 53% X H 13b 45:A,
4 mmol) F 2c 56% F 13c 33%
al 2d  50% cl 13d  50% 13
R =Cbz Br 2 55% Br 13e  43% 37%
% 67%" CFy  2f 58% COEt 13f  40%7 (dr5:1 cis:trans)
R=Ac SMe 2g 48%
10a  44% COEt 2h  37% NHBoc
NO, 2i  45%
R=Ms O
Ma  26% OO
Br
BocHN
< 13h 13i 13
48% 47% 25%
i (48%) 2k (60%) 21 (72%) Scheme 2. Scope of aryl iodides for tetrahydropyran C—H
arylation. Reactions on 0.4 mmol scale. All products were
F isolated as cis-diasterecomers unless otherwise stated. “Isolated
OO as an inseparable 8:1 mixture of mono-cis and di-cis-cis
isomers.
2m (70%) 2n (46%) 20 (26%)
piperidine 2 ¢ to the optimal reaction conditions, in the
absence of aryl iodide, gave no cis-to-trans epimeriza-
tion at the lower temperature (45 °C). This suggested
2p (51%) 2q (50%) 2r (38%)° an alternative route to the trans-diastereoisomer via a

(dr 20:1 cis:trans)

2s (25%)° 2u (21%)°
(dr 13:1 cis:trans)

(dr 12:1 cis:trans)

2t (55%)¢

Scheme 1. Reaction scope of aryl iodides for C—H arylation of
piperidine 1. Reactions on 0.4 mmol scale. All products were
isolated as cis-diastereomers unless otherwise stated. "Product
inseparable from unreacted 6. Yield calculated using 1,3,5-
trimethoxybenzene as internal standard. “3.0 equiv. Arl and
PhCF; (0.2 M). “Represents yield of the cis-trans di-arylated
piperidine. “Each of the four possible alkenylation products
were isolated: mono-cis (21%), mono-trans (20%), di-cis-cis
(21%) and di-cis-trans (19%) alkenylated piperidines. Alkene
E-geometry preserved in all products.

decreased reactivity towards diarylation. Similarly to
the piperidines, higher yields were generally observed
for electron-rich coupling partners, and halogens were
well-tolerated.

Next we addressed the question of how the minor
trans-arylated products were formed. Using conditions
with elevated temperatures (110°C) was shown to
cause epimerization of cis-arylated products, and so
reduce dr. On the other hand, resubjecting cis-arylated
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minor trans-palladacycle intermediate.”**®! To test the
viability of a direct frans-arylation, we examined a
second arylation using a different aryl iodide to
provide a stereochemical marker (Scheme 3).

OH OH
F. O, AQ F. O, AQ : J F. o. AQ
i:EJ% ¥ I g
N N N
Boc Boc Boc
2c 14 (19%) 15 (15%)
Arylation cond. Na?H, EtOH
No Ar-l 100 °C, 30 min
steric clash !
between C=OandAr ;|
on i BocN

16 (88%)

17 (34%) . trans-trans-derivative not observed ,

due to increased repulsion

__________________________________

Scheme 3. Studies investigating the diastereochemical outcome
in diarylation and a proposed unfavourable intermediate for
trans-trans arylation of 2¢. Conditions a. 2¢ (0.25 mmol), (4-
iodophenyl)methanol (2 equiv), Ag,CO; (1.25equiv), Mes-
COOH (30 mol%), Pd(OAc), (10 mol%), PhCF; (0.3 M), 45°C,
24 h.
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From mono-cis 2¢, reaction with 4-iodobenzyl
alcohol formed both di-cis-trans (14) and di-cis-cis
(15) isomers to a similar extent (19% 14 and 15% 15).
The relative stereochemistry at the carbonyl center was
maintained, with 14 arising from a second arylation
occurring trans with respect to the directing group,
hence proving the potential for the direct trans-
arylation. This was further supported by preparation of
the frans-epimer 16 from 2 ¢ by treatment with NaOH.
Arylation now gave only trans-cis-product 17 as a
diastereoisomer of 14, confirming previous assign-
ments. Interestingly the trans-trans-diastereoisomer
was not observed in this instance, presumably due to
the increased strain in the required all-equatorial
palladacycle, resulting in unfavourable steric interac-
tions of the directing group with the pre-installed aryl
group.

As a direct route to the frans-substituted isomers
we developed a one-pot arylation-epimerization, lever-
aging the thermodynamic preference for di-equatorial
conformation over the required axial-equatorial con-
formation in the cis-configured compounds. Simple
addition of DBU to the reaction mixture after the
arylation step promoted epimerization of cis-arylated
products to corresponding trans-diastereomers 3a and
18 at 100 °C (Scheme 4).

A 24 h heating time promoted the majority of the
cis-isomer to epimerize, with a 70% conversion of the
cis p-methoxyphenyl-substituted piperidine and a 90%
conversion of the cis p-bromophenyl substituted
substrate, to afford frans products 3a and 18 in 54%
and 53% isolated yields, respectively.

Finally, the directing group was removed to unveil
polar functionalities and access fragments and building

IOOMe (2.0 equiv)
(o) NHQ

Pd(OACc), (10 mol%)
H Ag,CO5 (1.25 equiv)
MesCOOH (30 mol%)

OMe

N PhCF3 (0.3 M) N
Boc 45°C, 24 h Boc
then DBU (3.0 equiv) 3a (54%)
(2 mmol) 110°C, 24 h dr 8:3 (trans:cis)
IOBF (2.0 equiv)
Og_-NHQ Br

O%_/ NHQ

Pd(OAc), (10 mol%)
H Ag,CO; (1.25 equiv)
MesCOOH (30 mol%)

N PhCF; (0.3 M) N
Boc 45°C,24h Boc
1 then DBU (3.0 equiv) 18 (53%)
(2 mmol) 110°C, 24 h

dr 10:1 (trans:cis)

Scheme 4. One-pot arylation-epimerization protocol. Products
were isolated as single trans diastereomers, with the dr
reflecting the ratio between trans and cis isomers in the crude
reaction mixture.
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blocks of interest for drug discovery programs
(Scheme 5).°"" Boc-activation of amide 2a and treat-
ment of intermediate 19 with lithium hydrogen
peroxide® afforded cis-carboxylic acid 21 in 71%
yield (over 2 steps). Reduction of the same intermedi-
ate 19 with LiAlH, gave alcohol 20 in 62% yield.
Alternatively, alcohol 20 could be accessed by reduc-
tion of 21 using BH;-SMe,. Acid 21 was converted to
primary amide 22 by anhydride formation with
isobutyl chloroformate, followed by treatment with
aqueous NH,OH. (39 Notably, conversion of 2a to the
primary amide 22 using IBX" or ozonolysis*!
conditions was unsuccessful due to alternative oxida-
tion of the electron-rich PMP substituent. A Pd-
catalyzed dehydration of amide 22 gave the corre-
sponding nitrile in 77% yield.*”) Acid-mediated Boc
deprotection allowed the isolation of HCI salts 23-26
in excellent yields. Starting from 2-3 mmol of 2a,
useful quantities (50-80 mg) of fragment compounds
were rapidly synthesized, highlighting the practical
applications of this methodology.

In summary, we have demonstrated an efficient
stereoselective C(3) mono-cis functionalization of
piperidines and tetrahydropyran bearing a C(4) amino-
quinoline directing group. As key features, lower
reaction temperatures (45-50°C) were employed,
ensuring high stereocontrol, whilst the use of Mes-

Q N\
Boc,0
PMP _owae % _LiAH, 6/
MeCN
Boc

o
LA

=z

I

Boc 70°C,3h 0 Cton Boc
20 (62%)
2a (62%)
[72% from 21]
BX LIOOH
THE
HFIP/H,0 .
60°C, 15h o 45°C.1h
BuO” CI, EtsN
-20°C, 40 min OOH
then NH,OH
rt, 30 min PMP  BH;-SMe,
-
N THE
i. CI,CHCN Boc 18 h
Pd(OAc), .
22 (73%) MeCNHLD 21 (71%)
7%
AN HCI ; iN I—:él AN HCI ANHCI
dioxane Il.d' dioxane dioxane
t,3h r'f’;a;“e i, 1h i, 1h
Og_OH OH
CN
fj/ PMP PMP PMP
N N N
N e H -Hel H -Hel H -Hel
23 (92%) 24 (93%) 25 (86%) 26 (82%)
MW = 234 MW =216 MW =235 MW = 221
| AogP=053 | i AlogP=160 : i AogP=-0.83 | i AlogP=159 |
| PSA=6435A | | PSA=4505A : i PSA=5856A | | PSA=4149A |

____________________________________________________________________________

Scheme 5. Divergent aminoquinoline removal. AlogP and Polar
Surface Area (PSA) calculated using Llama.**! Molecular
weights corresponding to the free amines.
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COOH additive achieved high levels of starting
material conversion of up to 95%. A DoE study
generated reaction conditions that minimized the
competing diarylation and epimerization processes
resulting in high stereoselectivity and an overall
reduction in the amounts of reagents used. Addition-
ally, single mono-trans diastereomers could be directly
accessed through a one-pot arylation-epimerization
protocol. Using mild conditions, the aminoquinoline
directing group could be removed in a divergent
manner. The N-Boc protected aminoquinoline amide
intermediate was used to unveil alcohol, carboxylic
acid, amide and nitriles functionalities. The obtained
products afforded fragments with desirable physico-
chemical properties for fragment-based drug discovery.
Valuable fragments of this defined substitution pattern
featuring a polar ring heteroatom, a C(4) polar func-
tional group, and a C(3) aryl group were accessed in
only 3-4 high-yielding steps from inexpensive com-
mercial materials.[***!

Experimental Section

General Procedure for the cis C—H arylation of N-
Protected Piperidines

A reaction tube was charged with amide 1 (142 mg, 0.40 mmol,
1.0 equiv). The requisite aryl iodide (0.80 mmol, 2.0 equiv),
Ag,CO; (138 mg, 0.50 mmol, 1.25equiv), 2,4,6-trimeth-
ylbenzoic acid (MesCOOH, 20 mg, 0.12 mmol, 0.3 equiv) and
Pd(OAc), (9 mg, 0.04 mmol, 0.1 equiv) were added sequen-
tially. The reaction vessel was sealed and purged with argon,
then PhCF; (1.34 mL, 0.3 M) was added by syringe. The
reaction tube was placed in a preheated oil bath and stirred at
45°C for 24 h. The reaction mixture was then allowed to cool to
rt, diluted with EtOAc (5 mL) and filtered through a pad of
Celite, eluting with further EtOAc (2x 10 mL). The solvent was
removed under reduced pressure and the crude material purified
by flash column chromatography under the specified conditions.
The isolated cis-3-arylated derivative was azeotroped by
addition of Et,0 (5mL), followed by pentane (5 mL), then
concentration of the resulting suspension under reduced
pressure. The procedure was repeated three times in order to
eliminate residual solvent.

Representative Procedure for the Gram-Scale Syn-
thesis of mono-cis Arylated Piperidine 2 a

A round bottom flask (100 mL recommended volume) was
charged with amide 1 (1.42 g, 4.00 mmol, 1.0 equiv), then 4-
iodoanisole (1.87 g, 8.00 mmol, 2.0 equiv), Ag,CO; (1.38 g,
5.00 mmol, 1.25equiv), 2,4,6-trimethylbenzoic acid (Mes-
COOH, 197 mg, 1.2 mmol, 0.3 equiv) and Pd(OAc), (90 mg,
0.4 mmol, 0.1 equiv) were added sequentially. The reaction
vessel was covered with a suba seal and purged with argon,
then PhCF; (13.4mL, 0.3 M) was added by syringe. The
reaction flask was then placed in a preheated oil bath and stirred
at 45°C for 18 h under an atmosphere of Ar. The reaction
mixture was then allowed to cool to rt and EtOAc (20 mL) was
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added. The resulting mixture was filtered through a pad of
Celite, eluting with further EtOAc (2 x50 mL). The solvent was
removed under reduced pressure. The reaction mixture was
purified by automated flash column chromatography (2% to
20% acetone/pentane, see Supporting Information). The product
containing fractions were combined and the solvent was
removed under reduced pressure. Et,O (5 mL) and pentane
(10 mL) were added and the solvent was removed under
reduced pressure to afford arylated pyrrolidine 2a as a white
solid (1.34 g, 2.91 mmol, 70%). R; 0.34 (20% acetone/pentane);
mp=135-137°C (from Et,0/pentane); IR (film)/cm™' 3348
(NH br), 2933, 2974, 1681 (C=0), 1528, 1483, 1423, 1245
(C-0), 1163 (C-0), 910, 828, 731; 'H NMR (500 MHz,
DMSO-d;, 373K) 8 9.62 (br s, 1 H, NH), 8.80 (dd, /=42,
1.7Hz, 1 H, HC,,), 8.46 (dd, J=7.7, 1.4 Hz, 1 H, HC,,), 8.31
(dd, J=7.7, 1.5Hz, 1 H, HC,)), 7.58 (dd, J=8.3, 1.3 Hz, 1 H,
HC,,), 7.55 (dd, J=8.3, 4.2 Hz, 1 H, HC,,), 7.50 (t, /=7.9 Hz,
1 H, HC,,), 7.22-7.17 (m, 2 H, HC,,), 6.72-6.66 (m, 2 H,
HC,,), 4.00 (dd, J=13.0, 8.1 Hz, 1 H, NCHHCHAr), 3.82
(ddd, J=12.9, 8.6, 3.8 Hz, 1 H, NCHHCH,), 3.73 (dd, /=13.0,
4.1 Hz, 1 H, NCHHCHA), 3.58 (s, 3 H, OCH,), 3.54 (ddd, J=
12.7, 7.0, 47Hz, 1 H, NCHHCH,), 3.31 (ddd, J=6.3, 4.7,
4.5Hz, 1 H, CH(C=0)), 3.23 (ddd, J=8.7, 6.7, 4.1 Hz, 1 H,
CHAr), 2.05 (ddt, J=13.1, 6.5, 3.8 Hz, 1 H, NCH,CHH), 1.90
(ddt, J=13.3, 8.6, 4.6 Hz, 1 H, NCH,CHH), 1.43 (s, 9 H,
C(CH,);); “"C NMR (126 MHz, DMSO-d,, 373K) & 171.4
(C=0 amide), 157.6 (C,, quat), 153.7 (C=0 carbamate), 147.9
(Cp)s, 137.6 (Cy, quat), 135.7 (Cy,), 133.7 (C,, quat), 132.6 (C,,
quat), 128.3 (2xC,,), 127.2 (C,, quat), 126.2 (C,,), 121.3 (C,,),
121.0 (Cyp), 1159 (Cyp), 1132 (2% C,,), 78.2 (C(CH,),), 54.4
(OCHj,), 45.43 (NCH,CHAr), 45.36 (CH(C=0)), 41.4 (CHAI),
40.5 (NCH,CH,), 27.7 (C(CHj);), 25.6 (NCH,CH,); HRMS
(ESI) m/z Calculated for C,;H3,N;0, [M+H] 462.2393; Found
462.2388.

One-Pot Arylation Epimerization: Representative
Procedure for Accesssing 3,4-trans-Disubstituted
Piperidine 3 a

A flame-dried microwave vial (25 mL) was charged sequen-
tially with amide 1 (710 mg, 2.00 mmol, 1.0 equiv), 4-
iodoanisole (936 mg, 4.00 mmol, 2.0 equiv), Ag,CO; (690 mg,
2.50 mmol, 1.25equiv), MesCOOH (99 mg, 0.60 mmol,
0.3 equiv) and Pd(OAc), (45.0 mg, 0.20 mmol, 0.1 equiv) in
this order. The reaction vessel was sealed and purged with
argon, then PhCF; (6.7 mL, 0.3 M) was added by syringe. The
reaction tube was placed in a preheated oil bath and stirred at
45°C for 24 h. The reaction mixture was then allowed to cool to
rt and 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU, 0.9 mL,
6.00 mmol, 3.0 equiv) was added by syringe. The reaction
vessel was then stirred at 110°C for additional 24 h. The
reaction was allowed to cool to rt and EtOAc (20 mL) was
added. The resulting mixture was filtered through a pad of
Celite, eluting with further EtOAc (2 x50 mL). The solvent was
removed under reduced pressure, and the crude material was
purified by flash column chromatography (5% to 20% acetone/
pentane) to afford a mixture of mono-frans arylated piperidine
3a and di-cis-cis arylated piperidine 5a. A second purification
by column chromatography (10% Et,0/CH,Cl,) was conducted
and the fractions containing the frans-product were combined
and concentrated under reduced pressure. Et,0 (10 mL) and
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pentane (10 mL) were added and the solvent was removed
under reduced pressure to afford the frans-arylated piperidine
3a as a white powder (498 mg, 1.08 mmol, 54%). R; 0.37 (10%
Et,0/CH,Cl,); mp=99-101°C (from Et,O/pentane); IR (film)/
cm™' 3347 (NH br), 3045, 2931, 2858, 2837, 1663 (C=0),
1526, 1485, 1422, 1366, 1245, 1157, 926, 732; 'H NMR
(400 MHz, DMSO-d,, 373 K) 8 9.71 (br s, 1 H, NH), 8.86 (dd,
J=42, 1.7Hz, 1 H, HC,,), 843 (dd, J=7.7, 1.4Hz, 1 H,
HC,,), 834-8.28 (m, 1 H, HC,,), 7.57 (ddd, J=8.3, 2.8,
1.5Hz, 2 H, HC,,), 7.46 (dd, J=7.9, 7.8 Hz, 1 H, HC,,), 7.33—
7.23 (m, 2 H, HC,,), 6.83-6.74 (m, 2 H, HC,,), 4.13 (ddd, J=
11.0, 4.3, 2.2 Hz, 1 H, NCHHCH,), 4.00 (dd, /=10.1, 8.8 Hz, 1
H, NCHHCHAr), 3.62 (s, 3 H, OCH;), 3.22 (td, J=11.4,
3.7 Hz, 1 H, CH(C=0)), 3.02-2.99 (m, 1 H, NCHHCH,), 2.95-
2.85 (m, 2 H, NCHHCHAr and CHAr), 2.04 (dq, J=13.2,
3.2 Hz, 1 H, NCH,CHH), 1.81-1.64 (m, 1 H, NCH,CHH), 1.46
(s, 9 H, C(CH,),); “C NMR (101 MHz, DMSO-d,, 373K) &
171.6 (C=0 amide), 157.8 (C,, quat), 153.5 (C=0 carbamate),
148.0 (C,), 137.6 (C,, quat), 135.8 (C,,), 133.8 (C,, quat),
132.7 (C,, quat), 128.0 (2%xC,,), 127.2 (C,, quat), 126.2 (C,,),
121.4 (C,p), 121.1 (C,p), 115.8 (Cup, 113.6 (2%xC,,), 78.4
(C(CH,);), 54.5 (OCH,), 49.3 (NCH,CHAr), 49.1 (CH(C=0)),
43.6 (CHAr), 42.6 (NCH,CH,), 28.8 (NCH,CH,) 27.7 (C-
(CHs);); HRMS (ESI) m/z Calculated for C,;H;,N;0, [M+H]
462.2393; Found 462.2396.
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