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Abstract Synthetic methods that can readily access saturated hetero-

cycles with different substitution patterns and with control of stereo-

and regiochemistry are of huge potential value in the development of

new medicinal compounds. Directed C-H functionalization of simple

and commercially available precursors offers the potential to prepare

diverse collections of such valuable compounds that can probe the dif-

ferent available exit vectors from a ring system. Nonetheless, the pres-

ence of the Lewis basic heteroatoms makes this a significant challenge.

This review covers recent advances in the catalytic C-H functionaliza-

tion of saturated heterocycles, with a view to different heterocycles (N,

0, S), substitution patterns and transformations.
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1 Introduction

Saturated heterocycles are undoubtedly crucial compo-
nents in medicinal compounds and natural products.’- Sat-
urated nitrogen and oxygen heterocycles occupy 5 of the
top 10 ring structures in drugs.’® As such, there is enor-
mous interest in developing efficient, rapid, and divergent
synthetic routes to heterocyclic compounds. These present
valuable sp? rich pharmacophores, fragments for screening,

as well as building blocks for the elaboration of core scaf-
folds.3# As a result, there is considerable demand for meth-
ods that can prepare all isomers, to probe the full three-di-
mensional space around any potential fragment hit or lead
compounds, in order to develop biological interactions or
selectivity profiles. The ready availability of simple saturat-
ed heterocycle derivatives, including enantioenriched de-
rivatives, makes them ideal starting points for further reac-
tions. Therefore, approaches to functionalize existing C-H
bonds of these readily available building blocks appear to be
of considerable potential.

Over the last 20 years, the concept of transition metal-
catalyzed C-H functionalization has emerged with enor-
mous potential to streamline the synthesis of complex mol-
ecules.’ Specifically, transition metal catalysts can activate
C-H bonds to form discrete C-M bonds, via different mech-
anistic pathways.® The resulting organometallic intermedi-
ate can then form new C-C or C-heteroatom bonds with
various coupling partners. Importantly, the use of transi-
tion metal catalysts in combination with directing groups
enables reactions to occur even at unactivated and less re-
active sites. As such, transition metal-catalyzed C-H func-
tionalization is attractive for iterative and divergent syn-
thesis of analogues and for the late-stage functionalization
of biologically important compounds.” However, in compar-
ison to C-H functionalization at sp? carbon centers,® C(sp3)-
H functionalization presents problems of lower reactivity
and more complex site selectivity and stereochemistry.® A
popular solution to these problems has been the use of re-
movable directing groups, to position the catalyst appropri-
ately and activate the targeted C-H bond.!° Seminal works
from the groups of Daugulis'’ and Yu'!? on bidentate and
monodentate directing groups established the field, and al-
lowed the development of further transformations,!!
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more easily removed auxiliaries,’® and transient directing
groups.'® However, for heterocycles, there are additional
concerns that the (protected) heteroatoms would coordi-
nate to the catalyst in competition with the directing group,
removing it from the productive cycle.

This review describes transition metal-catalyzed meth-
odologies that have been applied to the direct C(sp*)-H
functionalization of saturated heterocycles from early
works up to the end of 2018. The methods included here, all
rely on a directing group and proceed via heterocycle-met-
al bonds.

The review is organized according to the ring position
being functionalized and on the type of transformation in-
volved (Scheme 1). This structure is chosen to reflect the
products obtained, and the substitution pattern around the
heterocycle, rather than the position of functionalization rel-
ative to the directing group. The first section of the review
covers C-H functionalization at the a-position of the hetero-
cycle, considered to be an activated C-H bond as it is adja-
cent to the heteroatom. Then C-H functionalization at unac-
tivated positions (i.e., remote from the heteroatom) is addi-
tionally classified according to the relative position of the
directing auxiliary. Recent examples of transannular C-H
functionalization, involving C-H bonds remote from both
the heteroatom and the directing group, are described in a
separate section.

This review aims to provide the reader with a summary
of the reported methods, highlighting significant advances
in context of previous works, key mechanistic differences,
scope, and limitations. Options for directing group removal,
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Scheme 1 Summary of transition metal-catalyzed directed C-H functionalization methods on saturated heterocycles

close proximity to the a-C-H bond (Scheme 2). Different
coupling partners are then used to intercept the resulting
five-membered metallacyclic intermediate, enabling carbo-
nylation, arylation, and alkylation reactions.

r-'ﬁl\ﬁ%n— e g
o 2 Hoca M] o, L M] e
e N N N / N4
DG < ° \ ’ K \
X=N,8 ®: carbonyl, alkyl, aryl

Scheme 2 Directed a-C-H functionalization of saturated nitrogen het-
erocycles

2.1 a-C-H Carbonylation

The first example of a-C-H functionalization of N-het-
erocycles via transition metal catalysis was reported by the
Murai group in 1997.28 This seminal report described the
Rh-catalyzed carbonylation of N-(2-pyridyl)piperazine
rings 1 and 2 to give tetrahydropyrazines 4 and 5, respec-
tively (Table 1). High pressures of CO and ethylene (15 and
10 atm, respectively), as well as high temperature (160 °C),
were required to give high conversions. The presence of a
pyridine, or pyrimidine, directing group was critical for the
success of the reaction, bringing the metal center into close
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proximity to the o-C-H bond. Electron-withdrawing sub-
stituents on the pyridine ring resulted in higher reactivity,
while substituents other than a methyl group at the distal
nitrogen gave lower yields.

Table 1 Rh-Catalyzed Carbonylation of N-(2-Pyridyl)piperazines and -
azepanes®

R
N
. |
al ENJ\H Rh4(CO)12 (4 mol%) n(ENjﬁ(\
ethylene (10 atm), CO (15 atm)

s toluene, 160 °C, 20 h o~y ©
| |
X x

Substrate Product Yield (%)
R R
R= 1a | 4a 85
Me CH,Ph 1b 4b 44
N 4-MeOCgH, 1c N 4c 37
Py Py O
[ . 2a [ ‘ 5a 93
N sooMe ap Nj}‘/\ 5b 95
3 2c o) 5¢ 83
N 4-CO,Me 2N
X X
N N

3a
3b

6a 65
6b 84

[
g
zmz

oys
=

><\
C

3 Py = 2-pyridyl

The corresponding piperidine, morpholine, and piperi-
din-4-one systems failed to react under otherwise identical
conditions, indicating the importance of the 4-nitrogen
functionality for the reaction to proceed. This was con-
firmed by the successful reaction of 1,4-diazepanes 3a and
3b which proceeded with excellent regioselectivity. The re-
action scope with respect to the olefin was limited to eth-
ylene, while the use of different terminal or cyclic alkenes
was unsuccessful. However, when the corresponding tetra-
hydropyrazine 7 (Scheme 3) was independently treated
with CO and hex-1-ene, the carbonylated product was ob-
tained as a mixture of linear and branched isomers. This in-
dicated that ethylene was not only involved as a coupling
partner, but also played a crucial role in the initial dehydro-
genation of piperazine 1a. The overall transformation is
proposed to proceeded via a-C(sp®)-H activation and eth-
ylene insertion to form Rh complex II (Scheme 3). 3-Hy-
dride elimination then gives tetrahydropyrazine 7, while
the active catalytic species is regenerated through reductive
elimination of ethane. Finally, a-C(sp?)-H carbonylation af-
fords the observed product 4a.

Csz
Me Me Me
N N N H
e CL W O %00,
Rhi° CoH
N I Y Saii=H 22N [ hi-E ‘Z,
C(sp®)-H / insertion [3 hydride
z ‘N activation [~ |N = IN elimination (¥ IN
. X x L
1a 1 ] 7
l’\\llle Me
[Rh]° CoHy i. CO insertion

h]” H — [Rh] e ————— j}(\

C(sp?)-H insertion ii. red. elimination

activation [~ N = N = N
Rxn

4a

Scheme 3 Proposed mechanism for the Rh-catalyzed carbonylative
coupling of piperazines with ethylene

The Murai group also demonstrated that oxygen-based
directing groups were able to promote the same reaction of
piperazines.?® In particular, N-acetyl and N-benzoyl sub-
strates reacted smoothly with CO and ethylene, while only
traces of desired product were observed using N-Boc as a

directing group (Scheme 4).
Me
N
[ ]\ﬂ/\
N
R/&O ©

Me
N
[ l Rh4(CO)12 (4 mol%)
N~ H
8a—c 9a: R=Me (71%)

ethylene (10 atm), CO (15 atm)
toluene, 160 °C, 20 h
9b: R=Ph (89%)
9c: R=0tBu traces

R o

Scheme 4 Carbonylation of N-acylpiperazines

A major breakthrough in the field was made in 2000 by
the same group, reporting the first example of direct a-
C(sp®)-H carbonylation of N-(2-pyridyl)pyrrolidines 10 in
the presence of a rhodium catalyst (Table 2).3° Under these
conditions, different heterocycles, including piperidine 11
and tetrahydroisoquinoline 12, were efficiently functional-
ized with only traces of dicarbonylation. The efficiency of
the reaction was strongly affected by different substituents
on the pyridine ring; both electron-withdrawing groups
and substituents at the 6-position gave a reduction in yield.

Similar to the mechanism described in Scheme 3, the
catalytic cycle starts with coordination of the substrate to
the rhodium center. This is followed by activation of the a-
C(sp?)-H bond and ethylene insertion to form an analogous
rhodacycle (cf. I in Scheme 3). However, in this case, CO in-
sertion is favored over B-hydride elimination and affords
saturated products 13-15 after reductive elimination.
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Table 2 Rh-Catalyzed C(sp?)-H Carbonylation of N-Heterocycles? 2.2 o-C-H Arylation
n(D\H [RhCI(cod)l, (4 mol%) n(D\(\ . In 2006, Sames and co—workers first repo.rtfed thg ruthg—
N ethylene (10 atm), CO (15 atm) DS nium-catalyzed C(2)-H arylation of pyrrolidine rings di-
@ iPrOH, 160 °C, 60 h @v rected by an amidine group (Scheme 5).3! An excess of ke-
X x tone (pinacolone) was used to facilitate transmetalation

with the arylboronate coupling partner forming intermedi-

Substrate Product Yield (%) ate II. The Maes group proposed (2010) that transmetala-
O X = tion could also occur directly on Ru"-H complex I, suggest-
N ';_Me }gg Q\(\ Bg gg ing that pinacolone simply acted as a solvent.?? '

%N 5-Me 10¢ /KN °© 13¢ 84 In the presence of 3.3 mol% of Ru;(CO);, and 5 equiv of

gy g:'\C"Fe }g: gy B: g pinacolone, a variety of electron-rich and electron-poor

} aryl substituents were installed at the 2-position of N-(pyr-

O rolin-2-yl)pyrrolidine and -piperidine rings (Table 3).3! Het-

N n N 14 54 eroarylboronates, including indole and pyridine examples,
by by 0 were also successful under the reaction conditions.

- To avoid diarylation, the reaction was performed on 2-

Z | « | functionalized pyrrolidine substrates, forming 2,5-disubsti-

X Nepy 12 Py 15 3 tuted products 19 and 20. Moderate diastereoselectivity

o was observed in most cases (up to 6:1 dr, trans/cis). This

2 Py = 2-[5-(methoxycarbonyl)pyridyl]. was found to derive from a fast equilibration of cis- and

trans-isomers under the reaction conditions. Interestingly,

Table 3 Ru-Catalyzed a-Arylation of Pyrrolidines Directed by an N-(Pyrrolin-2-yl) Auxiliary?

" L
R/(Ns\H (Het)Ar—B(OR)> (1.2 equiv) R (Het)Ar

Ruz(CO)12 (3.3 mol%) N

¢ 5N +-BuCOMe (5 equiv) ¢ SN
150 °C, 4-19 h
Substrate Product® Yield (%) dre
oy = , H 19a 76 3:1
A\ 4-CF, 19b 76 3:1
A\ 4-COMe 19¢ 45 e
N 4-OMe 19d 70 4:1
2-Me 19e 62 6:1
Ph/Q Ph D
16 h N 19f 624 5.1
N Ny \
PR SN { = X =
7 X H 199 72 3:1
é\ N N F 19h 63 31

TBSO\/O TBSO_ .
N 17 N 20 57 e
é“

() <

N 18 N

o

2 Boronic acid pinacol esters or neo-pentylglycol esters were used.
b Major stereoisomer shown.

¢lsolated dr.

4 Using 6.6 mol% Ru3(CO),,.

e Single trans-product.

21 38 -
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Scheme 5 Proposed mechanism for the Ru-catalyzed a-arylation of N-
(pyrrolin-2-yl)pyrrolidine with arylboronate esters

in the presence of a methoxycarbonyl group at the 2-posi-
tion of the ring, insertion of ruthenium catalyst into the
acyl C-0 bond followed by CO extrusion was favored over
a-C-H activation, resulting in a decarboxylative coupling
(not shown).3 Finally, piperidine 18 was less reactive than
the corresponding pyrrolidine system, giving monoarylated
derivative 21 in 38% yield.

The pyrroline auxiliary was found to be superior to pyr-
idine or pyrimidine in promoting a-arylation, while car-
bonyl-based N-protecting groups were inactive. Important-
ly, the amidine group could be removed, by treatment with
hydrazine and trifluoroacetic acid at 140 °C (Scheme 6).

Q/Q @ _ NHoNHp, TFA
C\:N EtOH, 140 °C, 18 h

19a 22 (80%)

Scheme 6 Pyrroline removal from a 2,5-disubstituted pyrrolidine

Subsequently, the Maes group reported more general
conditions for the Ru-catalyzed C(2)-H arylation of N-sub-
stituted piperidines with (hetero)arylboronate esters.>? In
this case, pyridine was selected as directing group because
of its higher stability compared to Sames’ pyrroline.3!

Conditions for pyridine removal were also developed, in-
volving Pd-catalyzed hydrogenation followed by aminolysis
with NH,NH,/AcOH.3* Mechanistic investigations suggested
a direct transmetalation of Ru"-H complex II with boronate
esters to be the turnover-limiting step (Scheme 7).

The addition of a tertiary alcohol (t-BuOH or 3-ethyl-
pentan-3-ol) was crucial to the success of the catalysis. This
was proposed to act as a scavenger for the dialkoxyborane
side product 24, thus avoiding catalyst deactivation. More-
over, best results were obtained when performing the reac-
tion in an ‘open vial’ under reflux conditions. This set-up
was used to release the in situ formed hydrogen gas, which

| Review
()

Z

Z "N = N
‘ |
catalyst deactivation ~ [RuP \Q\
H—[Ru]"'—H B [Ru]'—H red. elim. O\
Vv
[Ru]'—Ar
/ Ru®
[Ru]{ [Ru]( = ‘N ~ |N/[ !
x X
Ha m
RO RO
B—OR! B—H
/B of / ox. add.
RO RO
ROH 24 transmetalation [Ru]”
= N
|
RQ = 1]
B—Ar
/
RO

Scheme 7 Proposed mechanism for the Ru-catalyzed a-arylation of N-
(2-pyridyl)piperidine

could also inhibit the catalyst via oxidative addition. The re-
action was tolerant of varied functionalities in the arylbor-
onate coupling partner, including electron-donating and
electron-withdrawing substituents at both para- and meta-
positions (Table 4).32 Ortho-Substitution generally resulted
in slightly reduced yields.

In most cases mixtures of cis- and trans-2,6-disubstitut-
ed products 26a-g (in parenthesis, Table 4) were isolated
along with the corresponding monoarylated derivatives
25a-g. However, when using heteroarylboronate esters, no
difunctionalization was observed (25h-j). The same reac-
tion conditions were also applicable to the a-functionaliza-
tion of substituted piperidines and related heterocycles
such as pyrrolidine 10a, azepane 29, and benzannulated de-
rivatives 30a,b (Table 5).3%> In the presence of C(3) substitu-
ents, arylation occurred exclusively at the least hindered a-
position, giving 2,5-diarylated piperidines 31a,b with mod-
erate trans selectivity. Interestingly, no difunctionalization
occurred on azepane 29, in contrast to the corresponding 5-
and six-membered derivatives.

In order to achieve selective monoarylation of piperi-
dine, Schniirch and co-workers proposed the use of a relat-
ed N-[3-(trifluoromethyl)-2-pyridyl] auxiliary under simi-
lar reaction conditions (Scheme 8).3> The CF; substituent on
the pyridine ring limited the rotational freedom around the
C-N bond, thus avoiding the second arylation.

In 2015, the Yu group described in the first palladium-
catalyzed a-C-H arylation of saturated N-heterocycles.>® In
the presence of an N-thiopivaloyl directing group, pyrroli-
dine, piperidine, and azepane rings were efficiently coupled
with (hetero)arylboronic acids via a Pd"/Pd° redox cycle.?’
The use of palladium(II) trifluoroacetate [Pd(TFA),] as the
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Table4 Ru-Catalyzed a-Arylation of N-(2-Pyridyl)piperidine Rings with

(Hetero)arylboronate Esters?
Ar(Het)—B(OR), (3—4 equiv) Q ’Q
Ar N Ar

QiQ

Ru3(CO)12 (6-8 mol%)
“ |N 3-ethylpentan-3-ol (1 equiv) = |N = IN
. 140 °C, 24 h ~ \
23 25a-j 26a-g
Ar Product® Yield (%) dre
X =
H 25a (26a) 38(38) 3:1)
X 4-Cl 25b (26b) 48 (26) 3:1)
2% 4-COMe  25c (26¢) 32(5) (-9
\| 4-OMe 25d (26d) 29(32) 1)
3-CF, 25e (26e) 49 (12) 3:2)
3-NH, 25f (26f) 36 (30) 3:1)
2-Me 25g (269) 28(22) (5:1)
N
/\E\,N 25h 63 -
N
\
o -
| p 25i 65 -
Cl
N 25j 50 -
LA

3 Boronic acid pinacol esters or neo-pentylglycol esters were used.

b Monofunctionalized product shown, data for disubstituted product are
given in parentheses.

¢lsolated dr of 2,6-diarylated products (trans/cis).

4 Single trans-product.

catalyst allowed the use of relatively mild conditions for the
coupling with a wide array of boronic acids, including het-
eroaromatic examples (Table 6).36

Importantly, no arylation was observed on the tert-butyl
of the directing group, suggesting a key role of the a-nitrogen
in determining site selectivity. In all cases, excellent monose-
lectivity was achieved (>20:1 mono-/diarylation). This key
feature was exploited to successfully develop a one-pot het-
erodiarylation protocol (Scheme 9).36 2,5-Diarylated pyrroli-
dine 47 was synthesized exclusively as the trans-isomer,
without requiring a second batch of Pd catalyst.

Q { B Ph (4 equiv)
Rus (CO)12 (7 mol%)

N
SN CuS04-5H,0 (2 mol%) FC
| propane-1,3-diol (0.5 equiv) |
™ o-xylene, 140 °C, 24 h N
37 38 (60%)

Scheme 8 Selective monoarylation of N-[3-(trifluoromethyl)-2-pyr-
idyl]piperidine

Table 5 o-Arylation of Substituted Piperidines and Related Cyclic Amines?

B Ph (3-4 equiv)

R
( L ( A KN
Ru3(CO)12 (6-8 mol%) Ph N Ph
Py

3-ethylpentan-3-ol (1 equiv)
140 °C, 24 h

Substrate Product® Yield (%) dr

R R
) Smm L
N 3-CF; 27a 31a 63 7:3¢
|

3-ph 27b P 39p 59 41c
Py Py
O. o) O. (0]
28 32(33)  39(13) (1)
Y NP
Py Py
y 1 10a N ~en 34a(35a) 25(36) (3:1)¢
| 3 29 | 34b 54 -
Py Py
1 30a 36a 91 -
N 2 30b WP 36p 74 -
Py Py
a Py = 2-pyridyl.

b Monofunctionalized product shown, data for disubstituted product are giv-
en in parentheses.

¢Isolated dr of 2,5-disubstituted products (trans/cis).

dIsolated dr of 2,6-disubstituted products (trans/cis).

In contrast to pyrrolidines, arylation of piperidine ring
42a was limited by a sluggish reductive elimination (Table
6).36 To address this issue, a more sterically congested 2,2-
diethylbutanethioamide directing group was employed to
give product 46b in high yield.

In this reaction, Pd"-mediated cleavage of the a-C-H
bond, through a concerted metalation-deprotonation
(CMD),%*-4 js proposed to produce a palladacycle intermedi-
ateI(Scheme 10). Transmetalation and reductive elimination
affords product 43 with the newly established C-C bond. An
excess of 1,4-benzoquinone as external oxidant is essential
for catalyst turnover, regenerating the active Pd" species.

Cl Me N\
N N
/& PA(TFA)z (10 mol%) 1,4-BQ /& cl
tBu” S KHCO3, 1,4-BQ 100 °C, 12h g
t-amyl-OH, 100 °C, 4 h Is
39 a7
82% (>20:1 dn)
one-pot

Scheme 9 One-pot heterodiarylation of pyrrolidines
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Table 6 a-Arylation of Substituted Piperidines and Related Cyclic Amines
Pd(TFA), (10 mol%)

R
(-
n( N H KHCOj3 (2 equiv)

(Het)Ar—B(OH), (2 equiv)

1,4-BQ (1.1-3 equiv)
S t-amyl-OH, 100 °C, 4 h

R
/
n(gk(HenAr

Substrate Product Yield (%)
\ 4-COMe 43a 80
N 4-0CF, 43b 75
/& YV 4-NHACc 43c 78
tBu” s 3-c 43d 79
2-Me 43e 51
/L 39 N O= 43f 82
X
tBu S NSO,Ph 43 77
t-Bu/&S 2 9
X =
~ -
N N F 43h 62
Y "
PN OMe 43i 76
t-Bu S
R R
R=
3-Ph 40a 44a 742
N 3-NHBoc 40b N~ TPh 44b 87b
3,3-Me 40c 44c 99
t-Bu/gS g I—Bu/&s
H%H H%H
" 41 N Ph 45 92¢
[-Bu/gs f-Bu/&S
(Nj Me 42a ENj\ph 46a 13
Et 42b 46b 92
Hac/gs Rac/gs

3 4:1 dr (trans/cis).
b3:1 dr (trans/cis).
¢Single diastereomer (>20:1 dr).

N
tB

u
U
1,4-BQ Pd’(CO2R). RCOOH
oxidant
C-H

reoxidation activation

[Pd?] den(cozn
N
t-Bu S

)
|
red. elim.
QX0
Ar
N N
tB

Pd-Ar
RCOO-B(OR)
t-Bu/gs /&S/ :
43

transmetalation
]

[}

{ I~
A

-BU

Scheme 10 a-Arylation of saturated aza-heterocycles via Pd"/Pd° catalysis

The Yu group also reported a remarkable enantioselec-
tive variant of this C(sp?)-H coupling.3® This represented
the first example of enantioselective C-H arylation of satu-
rated heterocycles, and included four-, five-, six-, and sev-
en-membered rings (Table 7). Differentiation of the
enantiotopic a-hydrogens was achieved using a chiral phos-
phoric acid ligand3® and a bulky thioamide directing group
obtaining high stereocontrol (up to 98% ee). The use of
Pd,(dba); as catalyst was important to obtain high enanti-
oselectivity, by minimizing the significant background re-
action observed with Pd(TFA),. This was presumably due to
competition of the achiral trifluoroacetate with the chiral
phosphate ligand. Notable regioselectivity was observed for
indoline 50 and tetrahydroisoquinoline 51, with no aryla-
tion occurring at the ortho-C(sp?)-H and benzylic positions,
respectively.“° However, arylation of tetrahydroquinolines
was unsuccessful (<20% yield).
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Table 7 Pd-Catalyzed Enantioselective a-Arylation of Saturated Heterocycles

Ar—B(OH), (2-3 equiv)

Pdy(dba)sz (5 mol%)

AN
I " (AL (12 mol%)
pCS s KHCOQ (2 equiv)

R =2,4,6--PrsCqHy

H
/& 1,4-BQ (1.2-5 equiv)
R g  tamyl-OH, 65-85°C, 16 h

(R)-L=
Ar!
{ )3 l ! O\ //0
Ar ; /P\
: o OH
: Ar!
i Ar! = 9-anthryl

Substrate Product

Yield (%) ee (%)

48

49b N
49c
49d

(;Q\‘\]&S 51

WN=OD3

49a (13 3.
n 'Ph

5

D) { S..,,,GX 4-OMe 52a 84 97
N
Y

4-COH 52b 71 94
3-F 52c 80 98
2-Me 52d 71 94
53a 40 96
53b 840 96°
53c 62 91
53d 54 97
“uph 54 86 96
«Ph
55 77 88

213% diarylated derivative (96% ee, >20:1 dr, trans/cis).
b Gram scale.

Removal of the directing group was accomplishing in
two steps with retention of the chiral information (Scheme
11). Reduction with NiCl,/NaBH, followed by BCl;-mediated
N-debenzylation and Boc protection afforded pyrrolidine
58 in 51% yield and 96% ee over three steps.

N NiCl, N i. BClg
X NaBH; ii. Boc,O
i-Pr > IPr 4,2

S

N
B

i-Pr i-Pr 00

i-Pr i-Pr
56 57 58
using (S)-L 85% 51% over 3 steps
90%, 96% ee 96% ee

Scheme 11 Removal of thioamide directing group

In 2019, Gong, Zhang, and co-workers described a simi-
lar approach for the highly enantioselective a-C-H aryla-
tion of N-thioamide piperidines and related heterocycles.*!
Excellent asymmetric induction was achieved using an an-
ionic chiral Co(Ill) complex in combination with a chiral
phosphoramidite ligand.

Glorius and co-workers reported the a-C(sp?)-H cou-
pling of tetrahydroquinolines with aryl iodides under Rh
catalysis.*? High enantioselectivity was obtained using a

TADDOL-derived chiral phosphoramidite ligand*? in combi-
nation with 5 mol% of a rhodium(I) precatalyst (Table 8).
The tert-butylthioamide auxiliary was again employed as
optimal directing group. This could be efficiently removed
by treatment with NaOMe at 120 °C with no loss of enan-
tiomeric excess. Higher yields and enantioselectivity were
generally obtained with more electron-rich iodide coupling
partners. Notably, the use of this alternative catalytic sys-
tem enabled the installation of a boronic acid substituted
phenyl group in 62e, though in lower yield. The same con-
ditions were also applied to the enantioselective monoary-
lation of other N-heterocycles, for the first time also includ-
ing a piperazine example 64. However, a significant reduc-
tion in enantioselectivity was observed for pyrrolidine ring
39 (30% ee), displaying the high sensitivity of C-H function-
alization reactions to the nature of substrate and catalytic
system.

2.3 0-C-H Alkylation

In recent years, significant attention has also been paid
to the development of transition metal-catalyzed alkylative
couplings of saturated heterocycles. Most of these strategies
again involved the use of coordinating N-directing groups,
such as pyridine*44>474857 or thiocarbonyI>® moieties, to en-
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Table 8 Rh(l)-Catalyzed Enantioselective a-Arylation of Tetrahydroquinolines and N-Heterocycles

Ar=1 (1.1 equiv)
[Rh(C2H4)2Cl]> (5 mol%)

L* (30 mol%)
LiOt- Bu 3 equw)

THF, 100 °C, 14 h

t-Bu S
Substrate Product Yield (%) ee (%)
ﬁ: 62a 87 91
@[j M Me 62b 75 92
N 59 N7 IS tBu 62c 83 93
/& | = 4-CN 62d 43 71
tBu” s tBu” s e 62e 34 82
4-Bpin
n=
n(&,} 0 60 n(&NB Ph 63a 63 77
/& 1 39 63b 70 30
B g 2 42a e g 63c 80 85
Ph Ph
N N
[ j 61 [ j 64 48 97
N “Ph

t-Bu

[2]

tBu S

able activation of the 0-C-H bond. However, a few remark-
able examples of a-alkylation of unprotected N-heterocy-
cles have been reported to occur in the absence of any addi-
tional directing group.49->3

The first example of a-C-H alkylation of azacycles was
observed by the Murai group in 2001 during their studies
on C(sp?)-H carbonylative couplings (cf. Table 2).** When
Ru;(C0O),, was used instead of [RhCl(cod)], in the reaction of
N-(2-pyridyl)pyrrolidine 10a with ethylene and CO, no car-
bonylation was observed. Instead, the only product was

Table 9 Ru-Catalyzed a-Alkylation of Saturated N-Heterocycles with Alkenes®

nm /\R (10 eauv) /\_,ﬂngl/\ HZX/\
N H Rug(CO)12 (8 mol%) R N R N R

R ———————————— +
Z\| CO (1 atm), i-PrOH Z N ~ >N
| 140 °C, 20-60 h | |
N [ R
Substrate Product® Yield (%) dre
R =
O /O\ Et 66a 924 1:1
10a RN R n-Hex 66b (67b) 53 (29) 1:1
N | (CH,),t-Bu 66¢ (67¢) 73 (21) 1:1
Py Py (CH,),Ph 66d 58 1:1
Cy 66e (67e) 33(39) 1.5:1
Oy - N
n n= n
N 2 23 BTN R 68a 73¢ 1.5:1
| d .
by 3 29 b 68b (69b) 14 (47) 1:1
Et
n n=
©® 0 65a No 70a 904 4:1
Nepy 1 65b Py 70b 85¢ 3:1
Et
3Py = 2-pyridyl.

b Disubstituted product shown, data for monosubstituted product are given in parentheses.

¢lsolated dr of 2,6-disubstituted products (trans/cis).
d Ethylene initial pressure 10 atm.
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found to be 2,5-diethylated pyrrolidine 66a, isolated as a
mixture of cis- and trans-isomers (1:1 dr). These conditions
were successfully applied to the coupling of a wide range of
saturated heterocycles with terminal and internal alkenes
(Table 9).#4 The reaction proceeded with low monoselectivi-
ty and dialkylated azacycles 66, 68, and 70 were isolated as
single or major products. However, monoalkylation was fa-
vored when increasing the steric bulk of either the alkene
(67e) or amine (69b) reagents (in parentheses, Table 9).

Although the exact mechanism of the reaction was un-
clear, the authors suggested the initial formation of a ruthe-
nium-hydride complex I via pyridine-directed C(sp?)-H ac-
tivation (Scheme 12). Alkene insertion gives intermediate
II, which undergoes reductive elimination to form alkylated
product B and regenerate the catalyst. The presence of CO is
not necessary for the reaction (which proceeded also under
nitrogen atmosphere), but it prevents catalyst deactivation.
In order to rationalize the absence of carbonylated product,
2-acylpyrrolidine 13a was independently synthesized and
subjected to standard alkylation conditions (Scheme 13).
Interestingly, pyrrolidine 66a was formed in 81% yield, sug-
gesting a facile decarbonylation reaction occurring in the
presence of Ru;(CO);,.

. red.
i elimination ~ 2-Py

SN :
N iy Z R N e
yu] H . o ;M A
NN insertion red.
| |
S S elimination O\/\ R
N
1 ] 0 |
[Ru] 2-Py
B

Scheme 12 Proposed mechanism for the Ru-catalyzed a-alkylation of
cyclic amines

ethylene (10 atm)

O\(\ Rus(CO)sz (8 mol%) \/O\/
N
| CO (1 atm), i-PrOH

o}

2-Py 160 °C,20 h 2 py 2. Py
13a 66a 7
81% 9% (2:1, trans/cis)

Scheme 13 Decarbonylation under Ru-catalyzed alkylation conditions

Maes and co-workers in 2012 developed alternative
conditions for the Ru-catalyzed alkylation of N-(2-pyr-
idyl)piperidines.> Alkylation of these less reactive sub-
strates was limited by significant hydrogenation of the

Table 10 Ru-Catalyzed a-Alkylation of Substituted Piperidine Rings with Unfunctionalized Alkenes?

>R (10 equiv)
Ruz(CO)12 (4-8 mol%)

/R trans-1,2-Cy({ COOH
Se- e
N H 2,4-dimethylpentan-3-ol R

R
L
’Il R

Py

| (5 equiv)
Py 140 °C, 24-48 h
Substrate Product® Yield (%) dr
23 o Hox S Hox 74 (75) 43 (26) 2:1¢

) =0

O,

O
O

n-Hex

I
Py
R

OMe 72a
\ CO,Me 72b
|

L
Py
A\

n-Hex

28 /fﬁ\ 76 (77) 43 (48) 1:1¢
N
|
Py

R
78a (79a) 47 (39)¢ 9:3:1¢
78b (79b) 53 (32) 4:1:1¢
Ph 72c AHex™ TN “nHex 78¢c 76 2:6:1¢
Py Py
Me/(’fj 73 MeJ\/rluj\n-anga 80 78 5:3¢
Py Py
3 Py = 2-pyridyl.

D Disubstituted product shown, data for monosubstituted product are given in parentheses.

¢lsolated dr of 2,6-disubstituted products (trans/cis).
dIsolated dr (cis,trans/cis,cis/trans,trans).

€ 2,4-Disubstituted product (1:1 dr, trans/cis).
f2,4-Disubstituted product (1:3 dr, transcis).
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alkene coupling partner. Moreover, reduction of the ketal
moiety was also observed treating piperidine 28 under Mu-
rai’s original conditions.** The combination of a sterically
hindered alcohol and a carboxylic acid was crucial to over-
come these issues and achieve optimal conversions. In par-
ticular, 2,4-dimethylpentan-3-ol and trans-cyclohexane-
1,2-dicarboxylic acid promoted efficient a-hexylation of
piperidines 23, 28, 72, and 73 (Table 10).#> This protocol
also enabled the synthesis of 2-undecylated piperidine 80
in 78% yield, which was readily converted into alkaloid (+)-
solenopsin A% upon hydrogenative directing group cleav-
age.>*

Kinetic studies indicated that the carboxylic acid had a
critical effect on the catalytic system. It was found to pro-
mote catalyst activation, increase reaction rate, and prevent
catalyst deactivation. Moreover, alkylation was favored over
hexene reduction as main reaction pathway in the presence
of the acidic additive.

However, the acid alone failed to promote the reaction
in the absence of a suitable alcohol component. A competi-
tive binding of both alcohol and acid to the metal center is
thus proposed. Oxidative addition of the alcohol to Ru®
forms ruthenium alkoxide VII as the only catalytically ac-
tive species in the absence of acid (Scheme 14). However, 3-
hydride elimination to give Ru-H complex VIII is favored
over alkene insertion and C-H activation requiring a four-
membered CMD transition state X, resulting in high levels
of alkene reduction. This undesired pathway can be slowed
down by protonation of the alkoxide by the acid additive
(I) and formation of Ru-carboxylate IV. Alkene insertion
and C-H activation, through the more favorable six-mem-
bered transition state XI, gives metalated piperidine VI. Fi-
nally, reductive elimination releases alkylated product 75
and regenerates Ru’.

In 2014, the Maes group extended the scope of this
transformation to 3-oxo-functionalized alkenes (Table
11).47 While the direct use of methyl vinyl ketone was not
possible due to its rapid degradation under the reaction
conditions, the corresponding dioxolane-protected alke-
none was found to be a suitable coupling partner. However,
much lower reactivity was observed for this alkene in com-
parison to unfunctionalized hex-1-ene.* Indeed, higher
loadings of the alkene (20 equiv) and the alcohol solvent
(40 equiv), in combination with catalytic 3,4,5-trifluoro-
benzoic acid additive, were required to achieve high conver-
sion. Using these optimized conditions, substituted piperi-
dines 27, 72, and 73 were alkylated in good to high yields.
When using 3-substituted piperidines 27, exclusive
monoalkylation occurred at the least hindered a-position,
affording products 83 with preferential cis-configuration. A
similar stereochemical outcome was obtained with 72 with
substituents at C(4), although a small degree of dialkylation
was observed in this case. By contrast, for 73 with substitu-
ents in the 6-position, the trans-isomer became the major
product. Interestingly, ethyl 2,2-dimethylbut-3-enoate was

RZ

- No Acid H R1« . Bu
— +Acid O,[F'm]“ }O B
R"< Bhydrlde) Ho[RUI'H - H{RU]!
R2 Vi IX

elim.
vil ;

i red.

! [Ru® .-t elim.
75 add RCO,H M

0

[R“] O—{Rul°

red elim. 4

[Ru]" , N
OH : '
3 N O i

RCOH
o—[Rul° H
/ N/
act/vatlon R _.0
O/H ‘ !
>—’ ' 4-membered CMD !
R! ! transition state
n .
o—[Rul
ox. add.
R \'

o insertion 1—H
=\ 5\ O,[Hu]”’H o—Ry

6-membered CMD
R! R2 transition state

Scheme 14 Proposed catalytic cycle for the Ru-catalyzed alkylation of
N-(2-pyridyl)piperidines in the presence and absence of a carboxylic
acid additive

also effective as the olefin component forming 2,6-disubsti-
tuted piperidine 86b in 87% yield. The efficiency of the al-
kylation protocol was evaluated on various N-heterocycles,
with pyrrolidine 10a found to be more reactive than the
corresponding piperidine system 23; on the other hand,
lower reactivity was observed for azepane 29. Most notably,
the reaction was also successful on N-(2-pyridyl) bicyclic
amines 81 and 82, locked in a boat or chair conformation,
respectively. Importantly, ketal deprotection was demon-
strated on alkylated piperidine 87b, by treatment with 10
mol% HCI, to unmask the desired ketone functionality (93%
yield).

Milder and highly chemoselective conditions for the Ru-
catalyzed alkylation of pyrrolidines at C(2) were developed
by Ackermann and co-workers.#® A combination of Ru(II)
precatalyst [RuCl,(PPh;);] and catalytic amounts of BINAP
and AgOTf allowed for an efficient reaction even at tem-
peratures as low as 80 °C (Table 12). Notably, varied func-
tionalities in the alkene component, including silanes, eno-
lizable ketones, and alkyl and aryl halides, were well toler-
ated. An excess of pyrrolidine 10b was critical to minimize
the formation of 2,5-dialkylated products.

Yi and Yun disclosed a ruthenium-catalyzed dehydroge-
native coupling of unprotected N-heterocycles with
alkenes, occurring in the absence of any directing group.*®
Ruthenium complex RuHCI(CO)(PCy;), was found to se-
quentially activate both the o-C(sp3)-H and N-H bonds of
cyclic amines, forming 2-substituted cyclic imines 95, 98,
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Table 11 Ru-Catalyzed a-Alkylation of Substituted Piperidine Rings and Related Cyclic Amines with Functionalized Alkenes?

R (20 equiv)
1 Ru3(CO)12 (8 mol%)

% 3,4,5- F305H2COOH
(\J\ cn (\J\/\ N“‘( J\/\
N H 2,4- dlmethylpeman -3-ol

| (40 equiv)
Py 140°C, 17 h
Substrate R= Product® Yield (%) dr
R1
\Q CF, 27a 0 83a 63 2:3¢
'|: Ph 27b \ 83b 75 3:7¢
Y
R‘
ﬁj CO,Me 72b < 84a (85a) 39 (17)¢ 3:7¢
N Ph 72c } 84b (85b) 34 (18 3:7¢
Py
Ph
Q o o 86a 87 4:19
Me ’T‘ 73 —
P COE 86b 87 4:19
) n=
S 1 10a ’§< 87a (88a) 46 (38) 4:19
N 2 23 o o 87b (88b) 39 (35) 4:19
Py 3 29 / 87c (88¢) 34 (15) 2:19
H
L& 81 <o 89 47 -
by /
H
AX{ 82 o Yo 90 30 1:10
N \/
Py
a Py = 2-pyridyl.

b Monosubstituted product shown, data for disubstituted product are given in parentheses.

¢Isolated dr of 2,5-disubstituted products (trans/cis).

dlsolated dr of 2,4-disubstituted products (trans/cis).

€ 2,4,6-Trisubstituted product (8:5:4 dr, cis,trans/cis,cis/trans,trans).
f2,4,6-Trisubstituted product (5:4:9 dr, cis,trans/cis,cis/trans,trans).
91solated dr of 2,6-disubstituted products (trans/cis).

" Isolated dr (exofendo).

and 99 (Table 13). When more sterically demanding 3,3-di-
methylbut-1-ene or azepane 94 were used, both imine (95¢
and 99) and amine (96 and 100) products were observed. In
contrast, N-H activation products 97 and 101 were formed
preferentially in the reaction with vinylsilanes.

Preliminary investigations suggest the formation of a
common reactive intermediate I, which can undergo either
C-H or N-H activation (Scheme 15). The proposed mecha-
nistic pathway involves an amine-directed C(sp?)-H activa-
tion followed by ethylene insertion to give Ru complex II
(path a). Subsequent B-hydride elimination and C(sp?)-H
alkylation account for the formation of imine derivatives
95. This is consistent with the formation of ethane detected

by NMR. Direct reductive elimination from intermediate II,
more favorable with bulkier systems, additionally affords
alkylated amine 96 (path a’).

On the other hand, when using vinylsilanes the genera-
tion of ethylene is observed, and this is proposed to proceed
via N-H activation from intermediate I followed by B-silyl
elimination (path b).

Atom-economical strategies for the a-alkylation of un-
protected cyclic amines have been developed involving ear-
ly transition metal catalysis. Pioneering works from the
Hartwig (2007)°° and the Schafer groups (2009)°! described
the unique ability of tantalum(V) amido 103 and amidate
106 complexes to activate C-H bonds adjacent to nitrogen
with no need for protecting/directing groups. Various sec-
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Table 12 Ru-Catalyzed Monoselective a-Alkylation of Pyrrolidines

3184

R
ClspH)-H [
o B-hydride C(sp?)-H
o R
f&;g¢r(ggnfg|§/°)) | i alkene insertion 'L \C‘H N / § ™
A N R oo oroos 2 patha | R H, alkyl [l oA [ "
i-But or ’
o 80-120 °C, 18 h ~ ha | o0 R
path a' s . .
10b (3 equiv) (1 equiv) 91a-l elim. alkene l:nsertlon
{ E JooTTTeTTTTTTET \ R
Alkene Product Yield (%)? ﬁ io\/\ﬁ S
H \[RU] i E 3 O\[Ru]
- | N
n-Bu 91a 73 9B (R=tBu) v
AR n-Hex 91b 90 red
n-Cy4Hyg 91c 87 elim
t-Bu 91d 50 path b R '
SiEt, 9le 86 N-H Z Vo CoHe red. | P g
activation N O b :
i Lo Sy
R a 91f 82 PN B-siyl  [Ru] Pl N 1
Ns Br 91g 60 alkene insertion R elim & R P 95 :
OTs 91h 63 R = Si(OMe)s v vi boe7 o v
R = . Scheme 15 Proposed mechanism for the Ru-catalyzed C-H and N-H
Z | 7 ': 8 g]' é; alkylation of unprotected N-heterocycles
-Br i
Z 2-Br 91k 82
o
/\MJ\ 91l 40 ondary amines, including single examples of tetrahydro-
8

quinoline 102 and piperidine 105, were alkylated with ter-

2Yields referred to the alkene coupling partner.

Table 13 Ru-Catalyzed Coupling of Unprotected Cyclic Amines with
Alkenes

/\R (6-10 equiv)

minal, and more recently (2014) internal,>? olefins in high
yields (Scheme 16). In striking contrast with Ru-catalyzed
alkylation reactions,**4>4748 branched derivatives 104 and
107 were formed as exclusive products. Chiral amidate
complex 108 also enabled alkylation of tetrahydroquinoline
102, albeit with modest enantioselectivity.>!

H 8 days

Hartwig, 2007
£, Maemen™ (e~ [~ ) P ntex 25 equ)
n( N H b ol N R (n( N R or nf N @[j\ Ta(NMey)s 103 (8 mol%) | S
1 THF, 70-120 °C H I —_— |
H 16-24 h R N~ Ny neat, 165°C,62h NN n-Hex
H H
Substrate Product Yield (%)? 102 A0A(72%)
single diastereomer ! o
Schafer, 2009 (not assigned) N
- o, () tBu—<( Ta(NMe,)s
N/ Me 95b 51 Q 106 (10 mol%) Ar
( ) t-Bu 95¢(96) 29 (55:45) N H toluene-dg, 165 °C n-Hex 106
[?] 92 H 5 days Ts
H / 5 105 then p-TsCl O
. 107 (74%) N-—
’?‘ S'(OEt)3 97 83 single diastereomer 2 Ar
R (not assigned) N :
norbornene (2 equiv) _Ta(NMey)s;
108 (10 mol%) o
R H 98 84 c N-A
z o r
N N - toluene-dg, 130 °C ‘

99 (100)
O o

Si(OEt); 101

ﬁ
-z \

108

109 (50%, 57% ee) o

87 (60:40)° 102 single diastereomer ‘-"-A:r:.z-,ﬁ-l-f’.r%(-)?!-{-a _______
Scheme 16 Early examples of Ta(V)-catalyzed alkylation of unprotect-
ed cyclic amines with terminal alkenes

88

Electrophilic Ta—amidate precatalyst 106 also enabled
the direct alkylation of various six- and seven-membered

?Yields determined by GC.
b Imine/amine ratio.

N-heterocycles, including azepane and piperazines deriva-
tives (Table 14).>3
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Table 14 a-Alkylation of Unprotected N-Heterocycles Catalyzed by
Ta(V)-amidate Complex

/\H (1.5-2 equiv)
R 106 (5—10 mol%)
‘“\;:f [ j\ loluene 145 165 °C L- ]: j\/
Y
theinsCI

Product Yield (%)

110 79

I\

0. (0]

fﬁv 111 59
5 n-Hex
N™ = 7y

Ts H

OTBS
A 112 78
Rai
QH/n-Hex 13 60
N Y

IIDMP
N
[ jv 114 69
A n-Hex
N™ = 7Y
TsH :
CHPhg

U

2 |solated as the free amine. All products isolated as single diastereomers.

Despite the rather forcing conditions, different func-
tional groups on both amine and alkene reagents were well
tolerated, such as silyl ether and acetal groups.

Remarkably, monoalkylated derivatives 110-115 were
isolated in high yields and excellent diastereoselectivity,
usually following N-tosylation. This was likely due to the
sensitivity of the catalyst to steric bulk. The proposed
mechanism involves initial ligand exchange with the amine
substrate, followed by o-C-H activation to form metalla-
aziridine I (Scheme 17). A related three-membered Ta(V)
species was previously isolated by the same group and
proven to be catalytically competent.>! Subsequent stereo-
selective olefin insertion forms five-membered metallacy-
cle Il in which the pendant alkene substituent is anti to the
heterocyclic backbone. Finally, proteolysis by the amine re-
agent and C-H activation regenerates the catalytically ac-
tive species I and liberates the product.

NMe,
Ta]
NMeg

O C—H activation
2 HNMe,
105
fl“/ >
H I R N insertion
: [Ta]
1

C—H activation (%H
[Ta]

[Ta E / O
O proteolysis
m 105

Scheme 17 Proposed mechanism for the Ta(V)-catalyzed alkylation

In 2004, Sames and co-workers first used an iridium(I)
complex to catalyze the intramolecular coupling of pyrroli-
dine a-C-H bonds with alkenes (Table 15).>* Treatment of
N-acylpyrrolidine 116 with [Ir(coe),Cl], and 1,3-bis(2,6-di-
isopropylphenyl)imidazol-2-ylidene (IPr) carbene ligand
gave pyrrolizidinone 117 as the major product, favored over
6-endo cyclized indolizidinone 118 (entry 1).

The amount of hydrogenated derivative 119 could be
suppressed by addition of norbornene (NBE) or 3,3-dimeth-
ylbut-1-ene as hydrogen acceptors (entry 2). On the other
hand, using a RhO precatalyst resulted in exclusive intramo-
lecular transfer hydrogenation to give enamine 120 (entry
3).>% Proline derivative 122 was also successfully cyclized to
afford 124 in good yields and with retention of enantiopuri-
ty. Interestingly, the reaction did not require a strong N- or
S-containing directing group, to enable a-C-H activation.
The authors have proposed that t-complex I, formed by re-
action of the iridium precatalyst with IPr ligand and the
substrate, is a key intermediate in the catalytic cycle
(Scheme 18); C-H activation of m-complex I occurs giving
iridium(III) hydride II. This complex II preferentially under-
goes alkene insertion into the alkyl-Ir bond over B-hydride
elimination (favored with Rh® precatalyst, Table 15, entry
3). The resulting cyclized intermediate III then evolves into
pyrrolizidinone 117 via B-hydride elimination and alkene
isomerization. Finally, hydrogen transfer to norbornene (or
substrate) regenerates the active catalytic species. This
mechanism is supported by deuteration experiments, as
well as by the synthesis and isolation of complex I. Impor-
tantly, complex I was found to be a catalytically competent
species in both stoichiometric and catalytic experiments,
resulting in almost identical yields and kinetics compared
to [Ir(coe),Cl],.
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Table 15 Ir-Catalyzed Intramolecular Cross-Coupling of Pyrrolidine a-C-H Bonds with Alkenes

116

)
N condmons N ) N
cyclohexane
0 150 °C, 13h o
119 120

Entry  Substrate Conditions? Yield® (%)
117 118 119 120
1 / \ [Ir(coe),Cl], (10 mol%), IPr (20 mol%) 4 4 41 -
2 N [Ir(coe),Cl], (10 mol%), IPr (20 mol%), NBE (4 equiv) 66 17 10 -
oS
3 e Cp*Rh(CH,CHTMS) (5 mol%) - - - >99
TBSO TBSO,
4 N [Ir(coe),Cl], (5 mol%), IPr (10 mol%), NBE (3 equiv) NTR
O
0
121 123 (60)
Bn0\7 D) 3"07 .
p N A N \
5 o/ )><\ [Ir(coe),Cl], (5 mol%), IPr (10 mol%), 3,3-dimethylbut-1-ene (10 equiv) o/
o] X
o)
122 >99% ee 124 (46) >99% ee

2 [Ir(coe),Cl], = chlorobis(cyclooctene)iridium dimer; NBE = norbornene.

® NMR yields.
¢lsolated yields.
NQ
117 O \lvanon
“SAr
+ 116 I/L

N Ir

| Cl
H—| [Ir] Cl —
| .‘ B-hydride
N ellm

o [Ir] cl /alkene / \ H
insertion He I| (|:_I
Bhydr/de
elim. O

v

Scheme 18 Proposed catalytic cycle for the Ir-catalyzed intramolecular
cyclization of N-acylpyrrolidine

In 2014, Opatz and Lahm used a removable benzoxazole
auxiliary to direct the Ir-catalyzed intermolecular a-alkyla-
tion of saturated azacycles.>® N-(Benzoxazol-2-yl)tetra-
hydroisoquinoline 125 was coupled with a wide array of ac-
tivated and unactivated terminal olefins with excellent C(3)
regioselectivity (Table 16). Different functionalities, includ-
ing esters, silanes, and boronic esters, could be successfully
installed. Tetrahydroquinolines 126 and piperidine 127
were also effective substrates giving good to excellent yields

of monoalkylated products 129 and 130, respectively. In
contrast, the corresponding pyrrolidine derivative resulted
in poor yield and selectivity. The benzoxazol-2-yl group
could be removed under basic or reductive conditions. As
an example, treating alkylated derivative 128c with LiAIH,
in THF at reflux for two days gave the corresponding unpro-
tected amine in 57% yield.

A chiral cationic Ir' catalyst was employed by Shibata
and co-workers to effect the enantioselective a-C(sp?)-H
alkylation of N-(2-pyridyl)pyrrolidin-2-one (y-butyrolact-
am) 131 (Table 17).57 Best results were obtained with Ir-tol-
BINAP, which was formed in situ from [Ir(cod),]BF, and chi-
ral phosphine ligand (S)-tolBINAP. Various electron-defi-
cient terminal alkenes were successful and 5-alkylated
lactams 132 were obtained with good levels of enantioin-
duction, though requiring very long reaction times. Remov-
al of the pyridine directing group was achieved adapting
the hydrogenation/hydride reduction protocol reported by
the Maes group.3* Crucially, the enantiomeric excess was
preserved, providing access to enantioenriched y-amino
acid 134 after lactam hydrolysis (Scheme 19).

In 2017, the Yu group extended the use of sulfur-based
directing groups to the Ir(I)-catalyzed a-alkylation of pyrro-
lidine rings.>® The use of an alternative N-alkoxythiocar-
bonyl auxiliary, readily accessible from pentan-3-ol, proved
to be optimal for this transformation. Moreover, simple
treatment with TFA at 65 °C allowed for its efficient cleav-
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Table 16 Benzoxazole-Directed Intermolecular C(2) Alkylation of Tetrahydroisoquinolines and N-Heterocycles?
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R (Bequiv)
. H o R
o A [Ir(cod)o]X (7 mol%) o A
A N N DME YL N N
< \(/ : M \(/
Cond. A: : Cond. B:
0 MW, 140°C | 85°C o
1-2h i 4-48h

X = BF,4, BARF
Substrate Product Yield (%)
R =
n-Bu 128a 83
R Bn 128b 78
Ph 128¢ 81
@\DG 125 w CO,Et 128d 84
DG CO,Me 128e 78
SiMe, 128f 41
Bpin 128¢g 61
98 SOUN
CO,Et 129a 95
N 126 XNy R Ph 129b 73
ba ba SiMe, 129¢ 81
) SN
CO,Et 130a 57
N 127 N R Ph 130b 48
DG ba SiMe, 130¢ 39

2 DG = benzoxazol-2-yl directing group; BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

Table 17 Enantioselective a-Alkylation of N-(2-Pyridyl)pyrrolidin-2-
one Catalyzed by a Cationic Ir(l) Complex

R (Bequiv)
OJ\—}{H [Ir(cod)2]BF, (10 mol%) oﬂ /R OO
N” “H  (S)-toIBINAP (10 mol%) N § P(p-tol)y
Z N dioxane, reflux, 7 days Z N P(p-tol)2
) ) §
131 1322 ! (S-0lBINAP
R Product Yield (%) ee (%)
Ph 132a 85 82
4-CF,CH, 132b 87 85
CO,Me 132c 82 91
CO,Et 132d 87 91
SO,Ph 132e 70 82
P(O)(OEt), 132f 82 76

age. In the presence of [Ir(cod),]OTf, pyrrolidine 135 reacted
smoothly with a large variety of terminal olefins bearing
various pendant functionalities (Table 18).

Reducing the alkene loading or the reaction time did not
improve the monoselectivity, and 2,5-dialkylated deriva-
tives 139 were generally formed as major or exclusive prod-
ucts. The reaction was sensitive to the steric nature of the
substrates, and more hindered pyrrolidines 136 and 137
were monoalkylated in lower, but synthetically useful,

Ph Ph
J\j ) Pd(OH),/C )
(20 mol%) NaBH;
Y Ha, HCI O (4 equiv) . Pn
&'\ Ve ‘w,)
ZN EtOH, rt, 24 h XN MeOH O
. |

t,1h ﬂ
132a (82% ee)

not isolated 133 (78%, 82% ee)

(o}
H,0, HCI NH,
reflux, 18 h HOJKA[ -HCI
Ph
134 (86%, 82% ee)

Scheme 19 Synthesis of an enantioenriched y-amino acid

yields. Notably, biologically relevant L-proline derivative
138 was monoalkylated in good yield and moderate diaste-
reoselectivity.

3 C-H Functionalization at Unactivated
C(3), C(4), and C(5) Positions

There are markedly fewer examples of C(sp?)-H func-
tionalization of saturated heterocycles at positions remote
from the heteroatom. This reflects the lower reactivity of
these methylene C-H bonds, generally referred to as ‘unac-
tivated'. To date, successful strategies have involved the use
of palladium catalysis in combination with mono- or biden-
tate directing groups. In particular, Daugulis’ 8-amino-
quinoline auxiliary'! has been used for the C-H functional-
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Table 18 Ir(l)-Catalyzed a-Alkylation of Pyrrolidines and Related
Azacycles Directed by an Alkoxythiocarbonyl Auxiliary

R R R
3\ SN SN
kN H R (8 equiv) R/\“"'kN R kN R
[Ir(cod),]OTF (10 mol%) ’
o/&s o/gs O/&S
)\ PhCI, 85 °C, 6-24 h )\

Et Et

Et Et Et Et

Substrate Alkene R Product? Yield
(%)
A~ CO,Et 139a (140a)° 68
“ "R Bu 139b (140b)° 62
Cy 139c 52
N 139d 40
R
[\ N SO,Ph 139 55
N 135 4-FCH,  139f 96
DG
hdhd 139g 73
o
P 139h 70
He —{H
} < 136 o~ Ph (141)¢ 42
Y
DG
CbzN
137 2 (142)¢ 40
o
N
bG
o [
}/ N 138 _~~_FPh (143)° 48¢
o) |

2 Disubstituted product shown, data for monosubstituted product are

given in parentheses.

bdi/mono = 1.8:1.

¢di/mono = 1.2:1.

9 Single monoalkylated product.

€ 6:1 dr (trans/cis).
ization of various heterocycles. Regioselective B- or y-func-
tionalization of carboxylic acid or amine derivatives,
respectively, allowed for different substitution patterns to
be obtained, depending on the position of the directing

group (Scheme 20).

C(2)-linked DG C(3)-linked DG C(4)-linked DG
DG
n((xﬁ\(
o]
i cat. M] i l cat. [M] ; cat M]

(g %“ s 5@

Scheme 20 Directed C(sp?)-H functionalization of saturated heterocy-
cles at unactivated positions

3.1 C-H Functionalization at C(3) with Directing
Groups at C(2)

3.1.1 C(3)-H Arylation

The first example of C-H arylation of L-proline deriva-
tives was developed by Bull and co-workers in 2014, using
palladium catalysis and 8-aminoquinoline (AQ) amide at
C(2) to direct arylation at the unactivated 3-position.>® Im-
portantly, the reaction with aryl iodides was highly stereo-
selective and 2,3-disubstituted derivatives 145 were ob-
tained in high yields as single cis-diastereomers (Table 19).
The enantiomeric excess of proline was completely re-
tained, providing enantiopure cis-arylated products. In
comparison to cycloalkyl analogues,!'*60 the reactivity was
reduced, requiring the reaction to be performed under sol-
vent-free conditions. The best results were obtained using
5 mol% Pd(OAc), and AgOAc, requiring only 1.8 equiv of aryl
iodide. Under the optimized conditions, N-Cbz-L-prolin am-
ide 144 was coupled with a wide range of aryl, heteroaryl,
and vinyl iodides, containing both electron-donating and -
withdrawing groups in good to excellent yields.>® The
choice of N-protecting group was of critical importance,
with a reactivity drop observed for the N-Boc analogues. In
this case, a longer reaction time of 72 h and an increased
catalyst loading (10 mol%) were required to achieve optimal
conversion.’! Importantly, the same stereochemical out-
come was observed, compared to the N-Cbz substrate. Liu,
Zhang, and co-workers also reported related conditions to
successfully effect the C(3)-H arylation of N-pivaloylproline
derivatives.5?

The reaction is proposed to proceed through a Pd"/Pd"
redox cycle (Scheme 21).112:5963 Directing group coordina-
tion to the metal center is followed by a concerted metala-
tion-deprotonation to form five-membered Pd" metallacy-
cle IL Oxidative addition with an aryl iodide then gives Pd"V
complex III, which undergoes reductive elimination to form
the new C-C bond. The cis-selectivity results from the re-
quirement for a 5,5-cis-fused palladacycle I Preferred C-H
activation cis to the directing group is supported by deuter-
ation experiments independently performed on the same
substrate.®* Halide abstraction by Ag(I) and proteolysis of
complex IV liberates the product and regenerates the active
Pd" species.

Removal of the aminoquinoline was unsuccessful under
many hydrolytic conditions. As an alternative, 5-methoxy-
8-aminoquinoline (5-OMe-AQ),"*" gave similar results to
AQ for proline C(3)-arylation (Scheme 22). Oxidative cleav-
age of this auxiliary with ceric(IV) ammonium nitrate
(CAN) occurred readily affording free amides 148 in high
yields.>® Subsequent Cbz deprotection provided access to 3-
arylprolinamides 149 of interest as fragments and building
blocks in medicinal chemistry.
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Table 19 Pd-Catalyzed C(3)-Arylation of Proline Amide 144 with Aryl
lodides

(Het)Ar—I (1.8 equiv) z
Pd OAc); (5 mol%) (HehAr N7\
AgOAc 1 8 equiv) H
N
neat, 110°C 20 h N
o

Cbz
145a—q
Ar-| Product Yield?® (%)
Me 145a 91
R F 145b 88
a 145¢ 78
Br 145d 68
! OMe 145e 85
CO,Et 145f 90
COMe 145g 74
R =
CF; 145h 76
CN 145i 59
| NO, 145§ 74
Q 145k 44
F
145l 73
|
E
/@\ 145m 70
I NO,
F
/@\ 145n 60
I F
D 1450 87
| S
- cl
| 145p 54
N
| /@ 145q 51

2 Products isolated as single enantiomers and cis-diastereomers.

In 2016, Maulide and co-workers described an efficient
oxidative cleavage of the aminoquinoline directing group by
ozonolytic fragmentation and aminolysis or hydrolysis of
the resulting intermediate 1.5°> This was demonstrated on
pyrrolidine substrate 145a, increasing the synthetic utility
of the above C-H arylation approach (Scheme 23).

Ar N H N

ACOH Pd"(OAc),
AcOH
L—Pd” d
N (,)Ac
oL —pdl—n7
I |
N
N
R o]

Agl red.
elim. C-H
1 AN activation
AgOAc I N
Ar\\Ff@ AN

N NI AcOH
N OX.

Scheme 21 o-Arylation of proline derivatives by Pd"/Pd" catalysis

R
R
Y (1.8 equlv) s
N Pd( OAc ) (5 mol%) N7
AgOAc 1 8 equiv) H
__ N
neat, 110 °C, 20 h N
Chz § OMe
R=
H 147a (75%)
R Me 147b (82%)
F 147c (75%)
CAN (3 equiv) H,, Pd/C
—_— NH, ————> NH,
MeCN/H,0 N
n.4-5h Chz § HoB
R= R=
H 148a (75%) H 149a (99%)
Me 148b (79%) Me 149b (99%)
F  148c (64%) F  149c (99%)

Scheme 22 Synthesis of medicinally relevant primary amides by both
directing group removal and Cbz deprotection; products isolated as sin-
gle enantiomers and cis-diastereomers

Og, CHxClp N W | NH0H
_ °C H ~ THF, 1t
N —
then DMS NH,
0 ¢ N
Cbz O

Cbz o

145a 1 148b (88%)

Scheme 23 Ozonolytic cleavage of AQ directing group
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The AQ auxiliary has since been shown to be highly ef-
fective for the C(3)-H arylation of various related N- and O-
heterocycles, including piperidines,®'5668 azetidines,”® y-
lactams,’? and 5- and six-membered cyclic ethers.6173.74

In 2016, Bull and co-workers extended their C-H aryla-
tion protocol to piperidine rings.5! The six-membered de-
rivatives were much more reactive than the pyrrolidine an-
alogues, presumably due to a reduced strain in the metalla-
cyclic intermediate. Both N-Cbz 150 and N-Boc 151
substrates were successfully arylated under slightly differ-
ent conditions, affording exclusively cis-configured prod-
ucts 152 and 153 in good to excellent yields (Scheme 24).
Bromobenzene was also found to be a competent coupling
partner. The excellent cis-selectivity was likely derived from
a preferential conformation of the ring with the directing
group in the axial position to minimize 1,3-allylic strain
with the N-carbamate group.

toluene, 110 °C, 24 h o) N

H
NHQ N
(gjr\( Cond. B: N NHQ /E[Pd]
N

o) Ar-l (3 equiv), Pd(OAc), (5 mol%) R
Ag>COj3 (1 equiv), PivOH (30 mol%) o 154
neat, 110 °C, 24 h R = Cbz, Boc

Cond. A: /R
Ar-1 (3 equiv), Pd(OAc), (5 mol%) =
AgOAc (2 equiv) |

R= Cbz 150 R= Cbz 152a—c
Boc 151 Boc 153a-d
OMe N Cl Cl
g
C )
NHQ NHQ NHQ NHQ
gbz y)bz N N
o) o) Cbz o Boc o
152a* 152bA 152¢A 153a®
Phl = 96% 98% 98% 89%
PhBr = 95%
COMe CO,Et s
N\
NS
NHQ NHQ NHQ
N N N
Boc Boc Boc
o o o
153b8 153cB 153d®
64% 66% 73%

Scheme 24 Pd-catalyzed arylation of N-(quinolin-8-yl)piperidine-2-
carboxamide derivatives; products isolated as single cis-diastereomers;
Q = quinolin-8-yl

The same stereochemical outcome was observed by Wu,
Cao, and co-workers in 2016-2017 who independently re-
ported similar conditions for the arylation of N-Cbz-piperi-
dine at C(3).56 The superior reactivity of the piperidine sys-
tem was similarly observed in this study and various aryl
groups, including ortho-substituted examples, were in-
stalled in high yields (up to 96%).562 The synthetic utility
was highlighted in the stereocontrolled synthesis of (-)-
preclamol [(-)-3-PPP, 160], a dopaminergic autoreceptor
agonist.5»67 Key C(3)-H arylation of (-)-L-pipecolinic acid
derivative 155 was followed by a two-step AQ removal and

radical decarboxylation (Scheme 25). Finally, protecting
group interconversion and phenol deprotection gave bio-
active compound 160.

OMe
(3 equiv) ) DMAP (3 equiv) Ar
Boczo 15 equiv)
NHQ MeCN 70°C oH
Noe Pd(OAC), (10 mol%)  Noe L|OH @equv)  Noc
o) AgOAc ( 1 8 equiv) H202 (5 equiv) o)
toluene, 100 °C, 12 h THF/H,O,0°Ctort
(-)-155 from (+)-156 (77%) (+)-157 (76%)
(-)-L-pipecolinicacd
OH
Ar :
Ar 1) AIBN :
BuzSnH 1) Prl '
PhSeNa toluene, 80 °C 2) 48% HBr
_— SePh ——— > N —_—
-BuOCOCI goc 2) TFA H !
NMM, THF o CH,Cly, 1t PN
-10°Ctort P
(+)-158 (78%) (+)-159 (79%) P !
! (-)-3-PPP 160 :

| 66% (93.7% ee) |

Ar = 3-methoxyphenyl

Scheme 25 Synthesis of (-)-preclamol through a stereocontrolled
C(sp?)-H arylation of a piperidine derivative; Q = quinolin-8-yl

At a similar time in 2016, Kazmaier and co-workers ex-
tended the scope of AQ-assisted C(3)-H arylation to small
di- and tripeptides containing pyrrolidine and piperidine
rings.®® The reaction was optimized on racemic 1-Gly-
piperidine-2-carboxamide and then exploited for the aryla-
tion of enantiopure substrates 161 with different aryl io-
dides (Scheme 26). Complete cis-diastereoselectivity was
again observed in all cases.

H
Ar-I (2 equiv) NS |
Pd(OAC); (5 mol%)
n( N NHQ AgOAc (2 equiv) n( N NHQ
RY&O o toluene, 110 °C, 16 h Rﬁ/g [e)
[¢]

NHR!
161a-d 162a-d
OMe
N
g
x NHQ
N
N NHQ " NHQ NHQ Y& o
N o
o le]
o o o HN___O
NHBoc NHBoc 0
NHBoc
NHBoc
162a (87%)° 162b (56%)° 162c (83%)? 162d (60%)°

Scheme 26 Pd-catalyzed arylation of piperidine- and pyrrolidine-con-
taining peptides; Q = quinolin-8-yl. 2 Single cis-diastereomer. ® Isolated
as single enantiomers and diastereomers.

An alternative strategy for the B-C(sp3)-H arylation of
piperidines at unactivated positions was disclosed by Sta-
mos, Yu, and co-workers involving the use of NHC ligands in
combination with palladium(II) trifluoroacetate
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[PA(TFA),].%° Ligands bearing bulky tertiary alkyl substitu-
ents performed best in the presence of a weakly coordinat-
ing amide auxiliary (Table 20).

Table 20 Ligand-Enabled Pd"-Catalyzed C(3)-Arylation of 1-(Trifluoro-
acetyl)-Substituted Piperidine-2-carboxamides

S]

~\ «a W
R/N\/N\R (20 mol%) Ad\

‘ N
H (HeAr-I (2-3 equiv) (Het : a /«\‘
Pd(TFA), (10 mol%) Pd >
N NHAre _ — ° NHArF \ N
/& a AgOAc or Ag,CO3 (2-3 equlv -0 Ad

CeFe, 100 °C, 24

FsC (e}
NHA
163 Are = 4-F4CCeF 4 1648-n iFgc/&O o5
R=Ad, tBu Mmoo
Ar-I Product® Yield (%)
Me 164a 98
1 0TBS 164b 90
| CF, 164c 79
NF CHO 164d 53
NHBoc 164e 94
CH,PO(OEt), 164f 73
R
CO,Me 164g 93
CH,0AC 164h 82
|
,/© OMe 164i 83
! NHAC 164j 70
P\
O
164k 88
|
‘ 164l 91
|
TsN—N
A\
164m 48
|
Tsl \
164n 60

2 Products isolated as single cis-diastereomers.

1-(Trifluoroacetyl)piperidine-2-carboxamide 163 was
arylated with a broad range of aryl and heteroaryl iodides,
affording cis-2,3-disubstituted derivatives 164 in good to
excellent yields. Much lower reactivity was observed for the
corresponding pyrrolidine-2-carboxamide, which gave only
28% of C(3)-arylated product. Based on preliminary experi-
mental observations, including isolation of Pd"/NHC com-
plex 165, a Pd"/Pd" catalytic cycle is proposed to operate.

The Schreiber group developed the first Pd-catalyzed
C(3)-H arylation of azetidine-2-carboxylic acid derivatives,
providing a much-improved route to BRD3914, a potent an-
timalarial compound (Scheme 27a).7% A series of bioactive
bicyclic azetidines was discovered by the same group
through a diversity oriented synthesis (DOS) guided inves-
tigation into novel antimalarials.”! The lengthy synthetic
route (14 steps to BRD3914) limited the potential to access
analogues for systematic evaluation of in vivo activity. C-H
Functionalization was thus targeted to increase synthetic
flexibility through arylation of N-(quinolin-8-yl)azetidine-
2-carboxamide. Conditions suitable for pyrrolidines and
piperidines were not effective. Ultimately, success was ob-
tained using a phosphate ester additive to facilitate the con-
certed metalation-deprotonation step to form the sterically
congested 4-5-5 fused palladacyclic intermediate 169
(Scheme 27b). The N-trifluoroacetyl group on the azetidine
was important for the arylation reaction and could be ad-
vantageously removed as part of the workup. The applica-
tion of a range of aryl iodides and heteroaryl iodides gener-
ated arylated azetidines 168.

2 Ph Cc-H
\\ arylation
o PP
yNH 7 steps /O
/) H N | — (> ----- <
" N BRD3914 N OH
Initial route
14 steps N -166

b) via =
Ar-1 (3 equiv) ~= N\
H Pd(OAC), (10 mol%) | /—R N
o AgOAcC (2 equiv) /
(BnO),POH (20 mol%) o [Pd].
T,
NHQ DCE, 110 °C, 24 h N MO
then NHy/MeOH H NHQ N
FoC” Y0 A
(-)-167 168a—f Fsc” Yo 169
CF3 0\
¢} \
— N
/
ENGZ Na
o 0 o) o o)
N N N N N
N NHQ N nHa N nHQ N NHQ N NHQ
168a (70%) 168b (52%) 168¢ (59%) 168d (80%) 168e (46%)
) CeHuBra CeHaBr-4 CeHaBr-4
CeHaBr- Boc,O, MeCN 264br Z6r4br
(>(S) /O then DMAP (S /0 Boc,0, MeCN RE
) then ) < then (R)
N N N
Boc OH LIOH, HyOp H NHQ  NaoH, EtoH Boc OH
THF/MeOH 110 °C, 15 min
(-)-170 (72%) 50°C, 20 h (-)-168f (+)-171 (77%)
52% on 10 g scale
from (+)-167

Scheme 27 (a) Route to BRD3914. (b) Pd-catalyzed cis-arylation of N-
(quinolin-8-yl)azetidine-2-carboxamide; products isolated as single en-
antiomers and diastereomers. (c) Stereocontrolled directing group re-
moval.
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The C-H arylation process was stereospecific for the cis-
product. Moreover, during deprotection of the aminoquino-
line group, the product could be epimerized to the trans, or
retained as the cis derivative. Consequently, all possible ste-
reoisomers could be readily obtained [e.g., (-)-170 and (+)-
171, Scheme 27c].

With this method, the synthesis of BRD3914 was
achieved in 10% overall yield from azetidine-2-carboxylic
acid (+)-166. The key arylation step using 1-bromo-4-iodo-
benzene was achieved on a 10-g scale to afford (-)-168f,
which was converted into (-)-170 (Scheme 27¢). Boc depro-
tection and reductive alkylation, followed by intramolecu-
lar amidation gave bicycle (-)-172 (Scheme 28). Ru;(CO);,
and 1,1,3,3-tetramethyldisiloxane (TMDS) were used to re-
duce the lactam to the secondary amine, which was
trapped in situ with 4-methoxyphenyl isocyanate. Finally, a
palladium-catalyzed alkynylation gave BRD3914.

1) HCI, then

Fmoes ™~ cto 1) Rus(CO) 15, TMDS

H then PMP-isocyanate
NaBH(OAc)s, 71% 4-BrCeH,, 57%
170 —————————————> _— BRD3914
2) SiliaBond® piperazine 2) XPhos Pd Gg,
then HATU, 89% phenylacetylene, 92%

)-172

Scheme 28 Final steps in the synthesis of BRD3914

The Schreiber group reported similar conditions to ef-
fect C-H arylation of pyroglutamic acid derivatives.”? The
use of 20 mol% dibenzyl phosphate additive and cyclopen-
tyl methyl ether (CPME) as the solvent promoted the syn-
arylation of substrates 173 (Scheme 29). The reaction was
successful in the presence Cbz and PMP N-protecting

2R
Ar-I (3 equiv) 4 )
H Pd(OAc), (5 or 10 mol%) —
AgOAc (1.5 equiv)
NHQ (BnO),POzH (20 mol%) NHQ
Y CPME, 120 °C, 8 h Y
R 0o ' ' R 0o
R= Cbz 173a R= Cbz 174a-g
PMP 173b PMP 175
OMe Br CO,H
F
NHQ NHQ NHQ NHQ
Y Y Y Y
Cbz o Cbz o Cbz o Cbz o
174a (83%) 174b (69%) 174c (70%) 174d (46%)
CO,Et
B(MIDA)
/Ts
NHQ
o N
Coz PMP &
174e (59%) 174f (66%) 1749 (50%) 175 (64%)

Scheme 29 Pd-catalyzed arylation of pyroglutamic acid derivatives;
products isolated as single enantiomers and diastereomers

groups, but failed with either N-Boc or a free N-H lactam.
Directing group removal was successfully achieved under
Maulide’s ozonolytic protocol.®

Babu and Parella described the Pd-catalyzed arylation of
tetrahydrofurans at the 3-position with various aryl iodides
(Table 21).72 The use of a C(2)-linked 8-AQ auxiliary was
critical for the reaction, as other directing groups were in-
active. 2,3-Disubstituted tetrahydrofuran derivatives 178
were synthesized in good yields and excellent cis-diastereo-
selectivity using 10 mol% Pd(OAc), and 4 equiv of aryl io-
dide. Enantioenriched substrates reacted under these con-
ditions without significant racemization. The same condi-
tions also enabled C(sp?)-H functionalization of 1,4-
benzodioxane derivative 177 with cis-selectivity. Despite
the reduced steric bulk compared to the N-protected pyrro-
lidine ring, AQ removal continued to be challenging on
these O-heterocycles. Carboxamide hydrolysis was achieved
under strong acidic conditions, by treatment with triflic
acid at 100 °C. This afforded the corresponding cis-carbox-
ylic acids, importantly without any detectable epimeriza-
tion.

Bull and co-workers also reported related conditions for
tetrahydrofuran arylation.?' Increasing the concentration
proved beneficial for the reaction of N-(quinolin-8-yl)tetra-
hydrofuran-2-carboxamide 180 with aryl iodides and best
results were achieved in absence of solvent. This enabled
the use of lower catalyst and iodide loadings (Scheme 30a).

i
a) Ar-1 (3 equiv) 7 '\
H Pd(OAC), (5 mol%) _
AgOAc (2 equi
NHQ gOAc (2 equiv)
(@] neat, 110 °C, 24 h NHQ
(o] O
,,,,,,,,,,,,,,,,,,, 0 o 181240
OMe Cl Cl
N
7\
NHQ
o NHQ NHQ NHQ
o o o 0
o] o] (o]
181a (78%) 181b (83%) 181c (78%) 181d (81%)
b) STTTTTIT s, \
Ar-1 (3 equiv) = /R 3 Viable palladacyclic intermediates :
H PA(OAC), (5 mol%) | ‘o o, o '
Ag,COs (1 equiv) X’ | N—TIPd] 3
O t-amyl-OH NHQ 4 N—Pa) '
o 110°C, 24 h o ; Q 1
e} 184 185 :
182 183a—d _syn(5,6-cis)  anti(5,6-trans) |
OMe Cl N Cl
g
s
NHQ NHQ NHQ NHQ
O O O [©)
o o
183a (90%) 183b (92%) 183c (78%) 183d (67%)
8:2dr 8:2 dr 8:2dr 7:3dr

Scheme 30 (a) Pd-catalyzed arylation of N-(quinolin-8-yl)tetrahydro-
furan-2-carboxamide under neat conditions; products isolated as single
cis-diastereomer. (b) Pd-catalyzed arylation of N-(quinolin-8-yl)tetra-
hydropyran-2-carboxamide; major cis-diastereomer shown.
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Table 21 AQ-Enabled C(3)-H Arylation of Tetrahydrofuran and 1,4-Benzodioxane Rings

(Het)Ar-I (4 equiv)

Pd(OAG), (10 mol%) (=%~ (HenA
AgOAc 2 2 equiv) :
toluene 110°C, 24 h

Substrate Product? Yield (ee) (%)
R
/A -
- 4-OMe 178a 71(95)
4-COMe 178b 81(97)
Z \. NHQ 4-CN 178c 78 (93)
o \( 4-Br-3-F 178d 65 (81)
. NHQ 0
<O> i 176
’ O
178e 81(99)
{ \ NHQ
o
[¢]
/R
= | R=
GNPAN 4-OMe 179a 81
(I 4-Br 179b 83
Z g NHQ 3,4-Me 179c 82
CC °
_ OJ\WNHQ 177 o
o (o]
179d 82%

2 Products isolated as single cis-diastereomers. Q = quinolin-8-yl.

N-(Quinolin-8-yl)tetrahydropyran-2-carboxamide 182
was also successfully arylated at C(3) using 1 equiv of Ag,CO;
and tert-amyl alcohol as the solvent (Scheme 30b).5' How-
ever, unlike for pyrrolidine and tetrahydrofuran rings, a
mixture of cis- and trans-configured products 183 was ob-
served in this case (dr ranging from 7:3 to 8:2, cis/trans).
The diastereomeric ratio remained identical when resub-
jecting the purified products to the reaction conditions.
This excluded a base-mediated epimerization and suggest-
ed a trans-configured palladacycle 185, formed alongside
the expected cis-intermediate 184, leading to the minor
trans-product.

The C(sp®)-H arylation of 3-deoxyglycosyl-2-carboxam-
ides was reported by Messaoudi, Gandon, and co-workers in
2018.7* Despite the high steric congestion, arylation of
these carbohydrate substrates was successfully achieved
exploiting the strong directing ability of 8-aminoquinoline.
A high loading of Pd catalyst (20 mol%) was required, likely
due to the presence of many coordinating groups able to
compete with the AQ auxiliary. As a consequence, only fully
protected glycosides proved to be suitable substrates. Under

optimized conditions, various 3-arylated B-glycosides 189-
191 were synthesized in moderate to good yields with ex-
clusive 2,3-trans-configuration (Scheme 31a).

This switch in diastereoselectivity, compared to previ-
ously studied heterocyclic systems, was investigated
through in-depth mechanistic studies.”® trans-Configured
palladacycle 192 was isolated with a stoichiometric amount
of Pd(OAc),, indicating preferential C(3)-H activation oc-
curring at the equatorial position. This tendency is support-
ed by computational evaluation of both cis- and trans-CMD
transition states (Scheme 31b). The lowest energy barrier is
associated to the trans-configured transition state 193,
where the C(4)-acetate group is equatorial. On the other
hand, to minimize steric clash, cis-C-H activation must oc-
cur in a conformation with the C(4)-acetate in the axial po-
sition (194), destabilizing the transition state by 2.6
kcal/mol. In absence of any group at C(4) (i.e., for unsubsti-
tuted tetrahydropyran 182, Scheme 30), cis-palladation was
favored. Calculations on the overall process also indicate
the CMD step to be turnover-limiting. Interestingly, when
C-H arylation conditions were applied to the corresponding
o-glycoside 195, arylated compound 196 was formed as the
sole product (Scheme 31c). Isolation of a cis-palladacycle
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a)
OR!
4 H Ar-1 (3 equiv)
R'O H Pd(OAC)» (20 mol%)
; Ag2COj3 (2 equiv)
R'O NHQ ——m——
SN ”/ dioxane

120°C, 24-72h

R =0Ac 186,187 R =0Ac 189a-f, 190
OBn 188 OBn 191

R=
H 189a (67%)
4-iPr 189D (66%)
4-CF;  189c (55%)
4-CO,Me 189d (62%)
3-NO, 189 (65%)

! 192
190 (69%) 191 (40%) isolated trans-palladacycle
L = CD,CN
b) ¢ ¢
o]
LN
OAc ?
S Pd—N7 |
H
o, ]/ N
o]
193 194
trans-CMD cis-CMD

AG¥393 15 = +13.1 keal/mol

c) OAc
: Ar=I (3 equiv)
AcO H Pd(OAc)» (20 mol%) AcO
AgoCO3 (2 equiv)
AcO_ .- NHQ —————————  AcO_ .- NHQ
) dioxane e
5 160°C, 24 h 5
195 196 (41%)

Scheme 31 (a) Diastereoselective 2,3-trans-arylation of B-D-glycosides
directed by the 8-aminoquinoline group; products isolated as single di-
astereomers. (b) Calculated CMD-transition states for trans- and cis-C—
H activation. (c) Arylation of an a-D-glycoside.

and additional calculations support an initial equatorial cis-
C(3)-H arylation, now possible with an equatorial C(4)-ace-
tate. Subsequently, a second trans-CMD and AcOH elimina-
tion gives the dehydrogenated product 196.

3.1.2 Other Transformations at C(3)

There are few examples of C(sp3)-H functionalization
reactions at the C(3) position of saturated heterocycles, oth-
er than arylation. In 2013, Chen and co-workers reported
the Pd-catalyzed alkylation of a-amino acids derivatives en-
abled by the 8-AQ directing group.” In this work, a single
example of C(3)-H alkylation of N-(quinolin-8-yl)piperi-
dine-2-carboxamide 151 was described using methyl bro-
moacetate (Scheme 32a). The reaction is proposed to pro-
ceed through a Pd"/Pd" manifold, in which methylene C-H
palladation is followed by Ag(I)-promoted Sy2-type oxida-

tive addition of the alkyl halide. In 2017, a similar C-H al-
kylation reaction with (iodomethyl)phosphonates was de-
scribed by Yang and Yang.”¢

a) Alkylation
Chen (2013) Br”” >CO,Me (2 equiv)

Pd(OAG); (10 mol%)

«H NF AgoCO3 (2 equiv) NP
H | (BnO),POH (20 mol%)
-, N _—
Nz |]/ t-amyl-OH, 110 °C, 24 h |]/
o]

COzMe

80%
151 1972

¥ PO(OEY), (2 equiv)
PA(TFA), (10 mol%)

H NF AgOAc (1.5 equiv)
H | TfOH (1 equiv) H
N > N
gbz DCE, 80°C,20 h
(o] 40%

151 1982

Yang (2017) PO(OE),

b) Fluorination

Xu (2015) NFSI (2 equiv)
Pd(OAc) (15 mol%)
H NF Ago0 (1 equiv)
H PivOH (1 equiv) H
N CeHsCl, 120°C, 1 h
Coz " 0%
151
Ge (2015) Selectfluor (2.5 equiv)
Pd(OAc) (10 mol%)
H NF AgoCO3 (2 equiv)
H Fe(OAc), (30 mol%)
N X —_—
Nz iPrCN, DCE 150 °C, 14 h
o) 82%
200
c) Alkoxylation and Acyloxylation
Wu (201 6)
DMP (2 equiv)
Pd OACc)2 (10 mol%)
MeOH 90°C,17h
75%

202"
PhI(OAc), (1.8 equiv)

Pd(! OAC 10 mol%)
Cu( OAC 2 (5 mol%)
toluene, 70 °C 18h

Scheme 32 Pd-catalyzed (a) alkylation, (b) fluorination, and (c) me-
thoxylation/acetoxylation of piperidine-2-carboxamides; products iso-
lated as single cis-diastereomers. ? Isolated as single enantiomers.

@%&

2037

B-C-H Fluorination of carboxylic acid derivatives was
independently reported by Xu and co-workers’” and Ge and
co-workers,”® including isolated examples of piperidine
C(3) functionalization (Scheme 32b). NFSI and Selectfluor
were used as electrophilic fluorine sources in the presence
of N-quinolin-8-yl and N-[2-(2-pyridyl)isopropyl] (PIP)!>2
amide auxiliaries, respectively. In both cases, silver(I) salts
are proposed to facilitate oxidative addition and formation
of a Pd"V-F complex. This then undergoes reductive elimina-
tion to form the new C-F bond. A stoichiometric amount of
pivalic acid (PivOH) was required in combination with NFSI
to substitute the N(SO,Ph), ligand on palladium and pre-
vent competing C-N bond-forming reductive elimination.
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During their studies on piperidine arylation, Wu, Cao,
and co-workers also described the use of high-valent iodine
reagents to promote the Pd-catalyzed alkoxylation and acy-
loxylation of the same ring.?%® Reaction with Dess-Martin
periodinane (DMP) in MeOH afforded methoxylated piperi-
dine 202 in high yield (Scheme 32c). When using 1-me-
thoxy-1,2-benziodoxole as the oxidant, acyloxylation was
preferentially observed. Piperidine C(3)-H acetoxylation
was achieved with 1.8 equiv of (diacetoxyiodo)benzene giv-
ing 2,3-disubstituted derivative 203 in 70% yield.

W, Cao, and co-workers then also developed a Pd-cata-
lyzed intramolecular amination of methylene C-H bonds as
a strategy to access B-lactams from various carboxamides.”
The use of electron-poor pentafluoroiodobenzene as an ox-
idant was essential to promote selective C-N bond forma-
tion, from a high-valent Pd"V species. Linear and cyclic car-
boxamides could be aminated, including pyrrolidine and
piperidine derivatives 204 (Scheme 33). Notably, oxidative
removal of the 5-MeO-quinoline group and Cbz deprotec-
tion afforded various N-H diazabicyclic B-lactams of inter-
est as a core structure of B-lactamase inhibitors.8°

TN =
ool P(OAC); (10-15 mol%) | OMe
o R _H AgOAc (1.2-2equiv) .o+ N

" N=" | CeFsl (6.8-10equiv) 1)
i '
N N MW, 130-160°C % N
Cbz 1.5-5h
° N
OMe Yoz o)
204a—d 205a—d
OMe OMe

Cbz H Cbz
205a (86%) 205b (88%) 205c¢ (78%)? 205d (66%)”
gram scale

Scheme 33 Pd-catalyzed intramolecular amination of pyrrolidine- and
piperidine-2-carboxamide derivatives; products isolated as single enan-
tiomers. 2 1,1,2,2-Tetrachloroethane was added as co-solvent. ® CgFsl
(37 equiv).

3.2 C-H Functionalization at C(3), C(4), and C(5):
Directing Groups at C(4) and C(3)

C(sp?)-H Functionalization of saturated heterocycles us-
ing directing groups at either C(3) or C(4) is much less ex-
plored than with N or C(2) auxiliaries. Isolated early exam-
ples of C(3) functionalization of N-(perfluoro-4-tolyl)tetra-
hydropyran-4-carboxamide 206 were reported by the Yu
group in 2012, in the broader context of ligand-enabled
methylene C-H arylation and alkynylation reactions

(Scheme 34). The use of quinoline ligand 207 was essential
to enable C-H arylation, by Pd"/Pd" catalysis.®! Simultane-
ous coordination of the ligand and the N-arylamide auxilia-
ry to the Pd" center promoted C-H bond cleavage and
avoided subsequent B-hydride elimination. Monoarylated
tetrahydropyran 208 was isolated in good yield as a mixture
of cis- and trans-isomers (6:1 dr, cis/trans). Preferential
monofunctionalization and complete cis-selectivity was
also observed for the Pd-catalyzed alkynylation of tetrahy-
dropyran 206 with TIPS-ethynyl bromide.?? The reaction
was enabled by an adamantyl-substituted NHC ligand
(IAd-HBF,) and likely proceeds through a Pd°/Pd" redox cy-
cle, where oxidative addition of the alkynyl halide gives an
[alkynyIPd(II)L,] species, which is proposed to activate and
alkynylate the f-C-H bond.

o
0iBu (20 mol%)
Pd(TFA), (10 mol%), p-Tol-I (3 equiv)
Ag>CO3 (2 equiv), KzHPO, (1.2 equiv)
H hexane, 110 °C, 24 h
O 55%

206 208
6:1 dr, cis:trans

CF3
E TIPS—=——-28r (2 equiv) \Q
o F [Pd(allyl)Cl, (5 mol%) F
&NH . 1Ad-HBF (20 mol%)
Cs,COj3 (2 equiv)
5 H Et,0, 85 °C, 8 h == T|ps

61%
206 209
single cis-diastereomer

F

Scheme 34 Early examples of ligand-enabled C-H functionalization of
tetrahydropyran-4-carboxamide involving Pd"/Pd" or Pd°/Pd" catalysis

Yu, Stamos, and co-workers also reported carbene li-
gands to enable C-H arylation of tetrahydropyran and
piperidine derivatives, including some examples with the
directing group at C(4) and C(3) positions (Table 22).5° Low-
er yields and reduced stereoselectivity were obtained in
comparison with the C(2)-linked auxiliary (cf. Table 20).
Piperidine-4-carboxamide 210a was arylated in good yield,
while lower reactivity was observed for tetrahydropyran
derivative 206. This likely results from an outcompeting
bidentate coordination of the substrate to the catalyst in a
boat conformation. In both cases, only monoarylated prod-
ucts 208 and 213a were isolated, although with poor stere-
oselectivity. Higher cis-selectivity was observed for the
analogous tetrahydrothiopyran dioxide derivative 210b,
further indicating the strong effect of the heteroatom
and/or protecting groups on the reaction outcome.
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Table 22 Pd-Catalyzed C-H Arylation of Six-Membered Saturated Heterocycles Using the Directing Group at C(4) and C(3)

Jou
(3 equiv) ,
R! | = R ' DG = F

@,m

X Ag2COg3 (2 equiv)
CgFe, 100 °C, 24 h

I:R"=DG; R2=H
II:R' = H; R2= DG

SI'Bu-HCI (20 mol%)
Pd(TFA), (10 mol%)
__raPAR (O motr) |

fj/Rz F. CFa!
¢ HN F o

X

I:R'=DG; R? = p-Tol ! o)

II: R' = p-Tol; R? = DG

Substrate

Product?

Yield (%) drb

DG -

- DG -
: H o} 206 p-Tol o} 208 37
NCOCF, 210a NCOCF, 213a 57
- so, 210b X so, 213b 62

~N W =
SN =

H p-Tol

I bG 0 211a
NCOCF, 211b
H
A DG
I (I 212
N Me
PN

C

bG 0 214a 72 32
NCOCF, 214b 66 101
X H

p-Tol

Me

N

215 74 >1:20

Fac/&o

2 Major diastereomer shown.
b cis/trans.

The same conditions also effected the arylation of tetra-
hydropyran derivative 211a with a C(3) directing group,
providing 3,4-disubstituted derivative 214a in high yield
(3:2 dr, cis/trans). Notably, arylation occurred exclusively at
C(4), despite the presence of a weaker C(2)-H bond. This is
ascribed to a repulsion from the heteroatom lone pairs of
electrons, hindering the formation of a partial negative
charge on the o-carbon during the C-H activation step.
Similar C(4) regioselectivity was observed for piperidine-3-
carboxamide 211b, which gave a 1:1 mixture of cis- and
trans-4-arylated products. Interestingly, introducing a cis-
methyl substituent at C(2) in 212 afforded 4-arylated piper-
idine 215 in high yield as a single trans-diastereomer. This
stereoselectivity switch likely derives from the 2-methyl
group occupying the a-axial position in the reactive confor-
mation, hindering activation of the cis-axial C(4)-H bond.

In 2018, Bull and co-workers described a general meth-
od for the Pd-catalyzed C(4)-H arylation of pyrrolidine and
piperidine rings with aryl iodides using a C(3) directing
group.®3 Despite the more activated nature of the a-C-H
bond, preferential C(4) arylation was achieved using an AQ
amide auxiliary with N-Boc or N-Cbz protecting groups.
This was ascribed to the steric preference for the less hin-
dered C(4) position. Optimum conditions were silver-free
and involved the use of K,CO5 as a base in combination with
PivOH. Under these conditions, 3,4-disubstituted pyrroli-
dine derivatives 217 and 218 were synthesized in moderate
to good yields and high regioselectivity (Table 23). The reac-

tion was highly tolerant of varied functionalities in the cou-
pling partner with higher yields observed for more elec-
tron-rich aryl iodides.

Importantly, the reaction proceeded with excellent cis-
diastereoselectivity, and the use of enantiopure substrates
afforded enantiopure cis-products. Epimerization to the
trans-4-arylated pyrrolidine could be promoted under basic
conditions with complete preservation of ee, demonstrat-
ing the potential to access all possible stereoisomers. Diver-
gent removal of the directing group was accomplished to
afford various biologically relevant building blocks. Boc pro-
tection furnished activated amides 220, which were then
converted into carboxylic acid, amide, ester, and alcohol
containing derivatives 221-224 (Scheme 35). Each set of
conditions was optimized to minimize product epimeriza-
tion, preserving the starting cis-configuration. Alternative-
ly, trans-carboxylic acid derivative 219 was directly ob-
tained by hydrolysis/epimerization of arylated pyrrolidine
217a with NaOH. Subsequent treatment with trifluoroace-
tic acid afforded the corresponding unnatural amino acid in
high yield.

The same arylation conditions were also suitable for
analogous N-(quinolin-8-yl)piperidine-3-carboxamide 225,
resulting in identical C(4) regioselectivity (Scheme 36). For-
mation of a minor trans-arylated product was observed in
this case (6:4 to 7:3 dr, cis/trans). No epimerization was
found resubjecting the major cis-derivative 226 to the stan-
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Table 23 Stereoselective Pd-Catalyzed C(4)-H Arylation of N-(Quino-
lin-8-yl)pyrrolidine-3-carboxamides with Aryl lodides

(Het)Ar-I (3 equiv)

o) \ Pd(OAc)z (5 mol%) lo) \
K2COs (1 equiv)
H NH N=—= F'i2vOIj (1 equiv) (Het)Ar NH N=
—_—
PhCF3 (1 M)
N 110°C, 18 h N
R R
R = Boc 216a R= Boc 217a-h
Cbz 216b Cbz 218a—g
Ar=| Product Yield (%)?
OMe 217a 64
X OMe 218a 67
Me 217b 55
Br 217c 45
! CO,Et 217d 31
NHBoc 218b 54
SMe 217e 55
OMe
oMe 217 58
| OMe

O,
/(;[ > 217g 59
| O
OH
/@A 217h 35
|
| A
=

218c 52

O,
/@i) 218d 63
|
P
S

218e 56
|
= Cl
| 218f 23
| SN
H
) 218 60
/ g
|

2 Products isolated as single cis-diastereomers.

dard arylation conditions, suggesting the trans-isomer 227
derived from a trans-configured palladacycle intermediate
229, formed alongside the expected cis-intermediate 228.
The synthetic utility of the arylation protocol was
demonstrated in the stereocontrolled formal synthesis of
antidepressant drug (-)-paroxetine (236) from readily
available N-Boc (R)-nipecotic acid 230 (Scheme 37).34
Stereospecific C(4)-H arylation was followed by selective
C(3) epimerization and reductive directing group removal
to afford key alcohol intermediate (-)-235 as a single enan-
tiomer. Notably, isomerization of the major cis-arylated

Q ' o) Q o)
{PMPR NHQ!  Boc,0  PMR N PMP, OH
: ' DMAP \ LiOOH
; ' Boc
. ! MeCN THF/H,0
: N ! 55°C,1h N " 1h N
! R=Boc217a . R = Boc 220a (88%) 221 (92%)
__R=Cbz218a | R= Cbz 220b (86%)
NaOH, EtOH
1038,6 0‘2 N BnNH,, PhMe 2 o3 MeOH LiAH,, THF
e 60 °C, 24 h 20°C,0.5h
0,
PMPR, \—OH 2_?\NHBn OMe PMPZ—{\OH
Eoc Boc
219 (86%) 222 (69%) cis-223 (56%) 224 (76%)

trans-223 (29%)

Scheme 35 Divergent removal of the aminoquinoline directing group

OMe OMe

4-iodoanisole (3 equiv)
H o Pd(OAC); (5 mol%)
K>COg3 (1 equiv) o °
NHQ PivOH (1 equiv)
PhCF3 (1 M)

N 110°C, 24 h
Cbz N
Cbz Cbz
225 226 (50%) 227 (19%)
Pd : 0
P -a A ; =T
N cbz. Oxy—-N : N Pd]
or N N i cbz N
N I\ P )
Cbz ] : Q
228 : 229

syn (5,6 cis-palladacycle) anti (5,6 trans-palladacycle)

Scheme 36 Pd-catalyzed arylation of an N-(quinolin-8-yl)piperidine-3-
carboxamide derivative

F F F
H [e] [
Pd(OAC), (5 mol%) Q DBU
X K>CO3, PivOH toluene ”\
—_— NHQ — N NHQ
N PhCF3, 110°C, 18 h 110°C,24 h
Boc N N
Boc Boc
X = OH cis-(+)-232 trans-(+)-234
8-AQ (R)-230 43%, >99% ee 95%, >99% ee
HATU (+12% trans-(—)-233)
X =NHQ goTmommmemmemmemmomom-omo. \
(R-231 F vk 3
89%, >99% ee ! |
: O™\
s 3
i. Boc,O, DMAP : :
MeCN, 35 °C, 24 h o~ steps . N '
_— - OH ——=, - O .
i. LIAIHg4, THF 3 3
rt, 30 min ’; : H 236 :
0C '
: (-)-paroxetine :
(235 el

79% (2 steps), >99% ee

Scheme 37 Stereocontrolled formal synthesis of (-)-paroxetine via
piperidine C(4)-H arylation
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product (+)-232 with DBU gave trans-(+)-234, the enantio-
mer of the minor trans-derivative (-)-233 formed in the C-
H arylation step (not shown). This further supported the
proposed trans-palladacycle 229 as an intermediate in the
C-H functionalization of the piperidine ring.

The use of a picolinamide auxiliary!'® was reported by
the Maes group to effect the diastereoselective C(5)-H ary-
lation of piperidin-3-amine derivatives.?> The inverted am-
ide-directing group promoted y-arylation, referring to the
native amino functionality, with the reaction proceeding
through a bridged five-membered palladacycle 239 (Table
24). The geometric constrains of this intermediate account-
ed for the complete cis-stereoselectivity observed. The
piperidine system proved much less reactive than the cor-
responding cyclohexylamine derivative,¢ with a significant
effect played by the N-protecting group; the best results
were obtained with an N-Boc substituent. The use of a cata-
lytic amount of 2,6-dimethylbenzoic acid additive in com-
bination with solvent-free conditions and high loading of
aryl iodide (6-8 equiv) was required to achieve optimal
yields. The excess aryl iodide could generally be recovered
during chromatographic separation. Under these condi-
tions, various (hetero)aryl substituents were successfully
installed giving cis-3,5-disubstituted piperidines 238 in

Table 24 Pd-Catalyzed C(5)-H Arylation of an N-(2-Pyridylcarbon-
yl)piperidine-3-amine Derivative

g g
N O (HehArl (6-8equiv) R N
N Pd(OACc); (10 mol%) X | N
H NH AgoCO3 (1 equiv) g
2,6-dimethylbenzoic acid
N (25 mol%) N
Boc 120 °C, 24 h Boc
237 238a-k
Ar-| Product Yield (%)?
OMe 238a 78
X t-Bu 238b 70
/©/ H 238c 71
| Br 238d 63
F 238e 70
CF; 238f 71
N.__CFs
v’
| 238g 72
X
X =
OMe 238h 68
@ 238i 60
| CO,Et 238j 62
/SOgPh

N
/E@ 238k 71
|

2 Products isolated as single cis-diastereomers.

high yields. Importantly, directing group removal was ac-
complished by heating with NaOH in isopropyl alcohol with
full retention of the cis-configuration.

In 2018, Maulide and co-workers reported an elegant
total synthesis of (-)-quinine alkaloid 240%” and related an-
alogues using a combination of directed C-H functionaliza-
tion and aldol addition strategies (Scheme 38a).28 The pico-
linamide directing group was used to stereoselectively ary-
late the quinuclidine nucleus at the C(5) position. The
unfavorable a-effect of the N-atom likely accounted for the
exclusive formation of 3,5-disubstituted bicycles 244,
which were obtained in high yields and diastereoselectivity
(Scheme 38b). Both electron-donating and -withdrawing
substituents on the aryl iodide were well tolerated, as well
as more sterically congested ortho-substituted arenes. Al-
though direct C-H alkenylation was not successful, the de-
sired vinyl substituent could be introduced in four steps
starting from arylated derivative (-)-244b. This relied on
the initial oxidative cleavage of the anisole moiety into a
carboxylic acid. Subsequent reduction and Wittig olefina-
tion successfully afforded the vinylated product (+)-245. Di-
recting group removal under reducing conditions disclosed
the starting free amine moiety, which was then oxidized to
the ketone by treatment with IBX/p-TsOH (Scheme 38c).
The next critical step in the synthesis involved installation
of the second heterocyclic moiety through stereoselective
aldol reaction of quinuclidone (+)-246 with aldehyde 241.
To overcome the configurational instability of the resulting
aldol product, in situ treatment with mesylhydrazine was
performed. This enabled the one-pot formation of a more
stable sulfonyl hydrazone in 76% yield and excellent diaste-
reoselectivity. Final reduction afforded the desired natural
product in 10 steps and 5.4% overall yield from the com-
mercial material. The synthetic flexibility offered by the C-
H arylation approach also provided access to the unnatural
enantiomer (+)-quinine, and C(3)-arylated analogues of the
natural alkaloid that showed an improved antimalarial pro-
file compared to the parent compound.

The intrinsic directing ability of unprotected amines has
been exploited by the Gaunt group in the Pd-catalyzed 3-C-
H carbonylation of aliphatic secondary amines.?? This
formed substituted B-lactams without requiring an exoge-
nous directing group. The reaction involves initial forma-
tion of an amine-bound Pd" complex followed by CO inser-
tion into the Pd-N bond.?%? The resulting carbamoyl-Pd(II)
intermediate can then undergo methyl®9 or methylene3%<
B-C-H activation (with respect to the amine) via a five-
membered transition state. Interestingly, using o-tertiary
amines with both a methylene and a methyl f-C-H bonds,
carbonylation exclusively occurred at the methylene posi-
tion, despite the higher reactivity generally shown by
methyl C-H bonds.?%* The bulky a-tertiary amine substitu-
ent is proposed to generate an unfavorable steric clash in
the carbamoyl-Pd(II) complex leading to methyl C-H acti-
vation, accounting for the observed selectivity. The reaction
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a) C-H functionalization
f>
oM 0, H
10 steps 5
MeO. A - HeN G s
4
I
N 2 4 7
aldol addition
(-)-quinine (240) 241 (-)-242
b) Ar=1 (3 equiv)
Pd(OAc) (15 mol%)
S / A92003 1 equiv)
PivOH (1 equw)
H\Z DMF 100 °C, 16 h o Z
(+)-243 (+)-244a-d
F3C. MeO, MeO,C,
OMe
DGHN DGHN DGHN DGHNZ
sl sy I N
244a (88%) 244b (94%) 244c (57%) 244d (49%)
1) LIHMDS, 241
then
) Zn, Zn(OTf), = Ti(O-i-Pr)sCl,
HCI, rt MsNHNH,, rt
DGHN 77 % O, 76% -
2 ——————— > (-)-quinine
IBX p-TsOH N 2) LiAIH,, MeOH
MeCN, 70 °C THF, rt
(+)-245 7% (+)-246 53% 240

(4 steps from (-)-244b) 5.4% overall yield

from (-)-242

Scheme 38 (a) Stereocontrolled route to (-)-quinine. (b) Picolinamide-
directed C(5)-H arylation of a quinuclidine derivative; products isolated
as single diastereomers. (c) Endgame for the total synthesis of (-)-qui-

nine.

was successful for a broad range of cyclic substrates, includ-
ing few examples of saturated six-membered heterocycles,
bearing a secondary amine moiety at C(3) or C(4) (Scheme
39). Bicyclic B-lactams 248 and 250 were synthesized in
high yields and high C(4) selectivity (in the case of 3-ami-
nopiperidine derivative 249).

Me Me

N
’ : . N
PivO NH H Pd(OAc)z (10 mol%) PiVO™", 0
Xantphos (10 mol%) o
CO (1 atm), AgOAc (3 equiv)

X BQ (2 equiv), toluene, 80 °C X
X=0 247a X= O 248a(75%)
NTs 247b NTs 248b (73%)
S 247c S 248c (84%)

H H
Pd(OAc); (10 mol%)
Xantphos (10 mol%)

N\Me 2
OTIPS
CO (1 atm), AgOAc (3 equiv)

¥S BQ (2 equiv), toluene, 80 °C

249 250 (59%)

Scheme 39 Methylene C-H carbonylation of 3- and 4-amino-hetero-
cycle derivatives

4 Transannular C-H Functionalization

Obtaining site-selective remote C-H functionalization
at unactivated positions represents a distinct challenge. In
2016, Sanford and co-workers reported a Pd-catalyzed tran-
sannular C-H arylation of fused bicyclic systems, with a
bidentate directing group incorporating the N-atom of the
heterocycle.?® 3-Azabicyclo[3.1.0]hexane 251 was selected
as model substrate, given its prearrangement in a boat-like
conformation, to position the C(4)-H bond in close proxim-
ity to the Pd" center. C-H Activation formed a strained bicy-
clo[2.2.1]palladacycle 253 (Scheme 40). The use of CsOPiv
as base was critical to prevent silver-mediated a-oxidation
to an aminal product hindering the desired reactivity. Un-
der the optimized conditions, C-H arylation with aryl io-
dides selectively occurred at the remote C(4) position, ex-
clusively on the concave face, and arylated azabicycles 252
were synthesized in high yield as single diastereomers. Ex-
amples included derivative 254 as an arylated analogue of
drug candidate amitifadine.”! The directing group could be
removed by treatment with Sml,

=
| 4R
N Lj/ (1-2 equiv) Z
Pd(OAc) (10 mol%)
N CsOPiv (3 equiv)
N
NHAre t-amyl-OH
ﬂ 120130 °C, 18 h ﬂNHArF
°© (0]
251 Arp = 4-F3CCF4 252a-h
Ph OMe
252a (80%) 252b (75%) 252c (88%) 252d (57%) 252e (69%)
COoMe
BocN NHAc
A
| N
=
E
(¢]
252f (80%) 2529 (59%) 252h (63%) } 254 (40%)

51% with 20 equiv Arl

Scheme 40 Pd-catalyzed transannular C-H arylation of a 3-azabicyc-
lo[3.7.0]hexane derivative; products isolated as single diastereomers

Remarkably, in the presence of a very large excess of the
aryl iodide (used as solvent) the C(4) position of piperidine
derivative 255 could be arylated. A temperature of 150 °C
was required to overcome the unfavorable chair-boat isom-
erization of the ring to allow the concerted metalation-
deprotonation transition state in the boat conformation. A
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reductive workup was required to convert the aminal side-
product into the desired piperidine derivative 257 (Table
25).90

Table 25 Pd-Catalyzed Transannular C-H Arylation of Piperidine De-
rivatives and Related Azabicyclic Substrates

H 1. Ar-I (30 equiv) Ar
A Pd(OAc), (10 mol%) A
& HN CsOPiv (3 equiv) & HN
N 150°C, 18 h N
R o 2. NaBH, R 0
Arf = 4-F5CCeF4
Substrate Product Yield (%)
A 255 PMP@N\ 257 55
DG DG
Ph
FN\DG 256a N 258a 62
OMe oG
OMe
Ph
FN\ 256b 258b 33
d DG N
d DG
Ph
N
F “pa 256¢ %N\DG 258¢ 35
Ph
PMP
N
F “pa 256d FN\ 258d 46
DG
Ph
N
DG N,
256e DG 258e 45
J
N
N
Y
Ph
N N‘De N
N 256f U Moe 258 25
7 N
o] 74

3 Reaction performed in t-amyl-OH.

These modified conditions provided a suitable platform
for the functionalization of various bicyclic amines. Arylat-
ed derivatives 258, including 258e an analogue of the drug
varenicline®? and 258f an analogue of natural product cytis-
ine,” were successfully synthesized in moderate yield.

The mechanism of the transannular C-H arylation was
extensively investigated through both DFT calculations®
and isolation of key intermediates.®> Based on these works,
a simplified catalytic cycle is presented in Scheme 41a. Ini-

tial bidentate coordination of the substrate to Pd", through
the heterocyclic N-atom and the distal tethered amide,
forms complex I. Subsequent chair-boat isomerization ori-
ents the C(4)-H bond near the Pd" center allowing C-H ac-
tivation to occur via an inner sphere concerted metalation-
deprotonation. The calculations indicate that this step pro-
ceeds via a concerted, but asynchronous, isomeriza-
tion/CMD pathway. The energetic barrier for the C-H acti-
vation is 33.9 kcal/mol (33.0 kcal/mol using a pivalate li-
gand in place of acetate) suggesting this to be the turnover-
limiting step. This was experimentally supported by a pri-
mary kinetic isotope effect observed for the benzo-fused
azabicyclo[3.2.1]octane 256d.°® Higher barriers are found
for the CMD occurring at the a- and B-positions of the ring,
accounting for the observed y-selectivity. The C-H activa-
tion is thermodynamically unfavorable with the bicyclic
palladacycle intermediate II being approximately 20
kcal/mol uphill from I. Attempts to isolate this highly
strained palladacycle were unsuccessful, but Pd" complexes
259 and 260, analogous to putative intermediate I, could be
isolated using pyridine as a stabilizing ligand (Scheme
41b).%

a)
Pd(OAC),

substrate 255
coordination
AcOH

Ar;:
257

~
AN =t

product | C-H
activation

7/ displacement
Ar.: Arg,
o U HO 4<\ \ (o]

Q N
il ~pg!
)]\o/ /2& Pd\N ......
N 2

]
iodide Pho
abstraction oxidative
addition
CsOAc
)\ A AR o AcOH
=0
Ho' Y N _o N
pg'l " PhiepgdV  \ L
N n?ductn?e \N
N7\ elimination
Ph\m ’ﬁ/ A
v mn
AcOH
b) | N
N A %
| | N Are
/ / | /
PivO— Pd” N
PivO— Pd” PivO— Pd”

&k g BJ

259
isolated as 1:1 mixture

Scheme 41 (a) Proposed catalytic cycle for the transannular C-H aryla-
tion of a piperidine derivative. (b) Isolated Pd" complexes.
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Stoichiometric reaction of complexes 259 and 260 with
iodobenzene afforded the expected arylated products in
high yields. In addition, selective C(4) deuteration was ob-
served in tert-butyl alcohol-d,,, indicating a reversible C-H
activation step. lodide coordination and oxidative addition
then generates Pd" species III. A significantly high barrier is
observed for this (32.5 kcal/mol), accounting for the large
excess of aryl iodide required experimentally. In addition,
the Cs salt is proposed to play an essential role in driving
this step forward by sequestering the acetic acid displaced
during iodide coordination. Finally, a low barrier reductive
elimination is followed by cesium-mediated iodide abstrac-
tion and product displacement with a new substrate mole-
cule.

In 2018, Sanford and co-workers described the use of
quinaldic and picolinic acid ligands 261 and 264 to improve
significantly the transannular C-H arylation in less reactive
substrates.®® These were found to increase the reaction rate
and the longevity of the catalytic system, resulting in higher
yields and broader reaction scope. This was exemplified for
benzo-fused azabicyclo[3.2.1]octane 256d, which was ary-
lated in 81% yield upon addition of 5 mol% of ligand 261
(Scheme 42a; cf. 46% under the first generation conditions,
Table 25). Notably, only 3 equiv of aryl iodide (instead of 30)
were used and the reaction was performed at 120 °C in-
stead of 150 °C.

Various arylated bicyclic amines were synthesized using
this second generation approach, generally resulting in
higher yields compared to the ligand-free conditions, in-
cluding tropane 265 and azanorbornane 266 derivatives
(Scheme 42b). Mechanistic investigations suggest the li-
gand is not involved in the rate-limiting C-H activation
step, but rather regenerates the active catalytic species
from off-cycle Pd species.

5 Conclusion

Transition metal-catalyzed C-H functionalization has
been shown to be a powerful strategy for the synthesis of
saturated heterocycles with varied substitution patterns.
Different transition metal-catalysts have been used under
distinct mechanistic scenarios to enable a range of transfor-
mations, including arylation, alkylation, and C-heteroatom
bond formation. This review has focused on directed C-H
functionalization of saturated heterocycles involving the
formation of a discrete C-metal bond. This has been
achieved often with excellent regio- and stereocontrol, pro-
viding access to different isomers of complex heterocycles.
Indeed, many of the derivatives that can be accessed rapidly
would present a significant challenge to prepare by other
methods. This is particularly true for the enantioenriched
derivatives, where C-H functionalization can take advan-
tage of inexpensive and readily available enantiopure sub-
strates, including chiral pool materials. In many cases, the

a) OMe
(5 mol%) O

Pd(OAc), (10 mol%)
4- |odoan|sole (3 equiv)

AN

DG CsOPiv (3 equiv)

tamyl-OH, 120 °C, 18 h
81%

256d 258d

b) | S R
N (5 mol%) |\ e
Z
H 264 O
& Pd(OAG), (10 mol%)
| Ar- (30 45 equiv) )
N N
R DG R DG

CsOPiv (3 equiv)

140-150°C, 18 h 258a—c, 258, 265a,b, 266

N N_
N N “DG pG
DG “DG
o N
OMe |
N
258a (90%) 258D (76%) 258¢ (64%) 258e (81%)
265a (60%) 265D (54%) 266 (42%, using 261)

Scheme 42 Second generation transannular C-H arylation of aza-
cycles involving the use of pyridine-2- and quinoline-2-carboxylic acid
ligands

synthesis of biologically relevant molecules demonstrated
the high potential of these protocols for applications in me-
dicinal chemistry and drug discovery programs. However,
there is still considerable scope for new and improved
transformations.

Important progress has been made in a-C-H functional-
ization with N-linked directing groups. Most recent devel-
opments have achieved this enantioselectively with chiral
ligands. Methods for C-H functionalization at unactivated
positions are more limited, particularly for reactions occur-
ring at C-H bonds that are more remote from the directing
group. High substrate specificity for the reaction conditions
is generally observed due to the different effect of the (pro-
tected) heteroatoms on the conformation of the ring and of
their different interaction with the catalytic system. Simi-
larly, the diastereoselectivity is commonly controlled by the
substrate requirements. Enantioselective functionalization
at positions remote from the heteroatom has not been
achieved thus far. Finally, selective strategies for C-H func-
tionalization without the requirement for covalently linked
directing groups, or indeed protecting groups, remain in
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great demand for efficient synthetic sequences and late-
stage functionalization processes.

Future advances in the field, solving these important
limitations, will significantly expand the portfolio of syn-
thetic tools available to synthetic and medicinal chemists,
providing efficient access to diverse libraries of highly valu-
able heterocyclic compounds.
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