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Abstract C-H bond functionalization is one of the most effective strategies for the rapid synthesis of cyclic
amines containing substituents on the ring, which are core structures of many bioactive molecules. However, it is
much more challenging to perform this strategy on remote C-H bonds compared to the a-C-H bonds of cyclic
amines. This graphical review aims to provide a concise overview on transition-metal-catalyzed methods for the
remote C-H bond functionalization of cyclic amines. Examples are categorized and demonstrated according to
mechanistic pathways that initiate the reactions of cyclic amine substrates. Where relevant, selected substrate
scope and detailed reaction mechanisms are given.

Key words C-H bond functionalization, remote, cyclic amines, transition metals, catalysis, synthesis

Cyclic amines are ubiquitous structures in natural products and pharmaceuticals, many of
which contain one or multiple substituents on the ring at the a-position as well as at positions
remote from the nitrogen atom. The development of new synthetic methods to access these
substituted cyclic amines is thus of great importance. For this purpose, C-H bond functional-
ization of parent aza-heterocycles arguably represents the most direct and facile strategy
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among others, being particularly suitable for the late-stage modification of existing cyclic
amine structures in complex molecules. Research in this field, however, has largely focused on
the functionalization of a-C-H bonds, while functionalization of more remote C-H bonds, such
as B- and y-C-H bonds, is much less studied. This is due to challenges associated with remote
C-H bond functionalization of cyclic amines. Firstly, a handful of such reactions are initiated
via the lone pair of electrons on the amine nitrogen atom, which is further away from remote
C-H bonds compared to the a-C-H bond. Secondly, reactions for the remote C-H bond func-
tionalization of cyclic amines often involve labile endocyclic iminium ion and enamine inter-
mediates, which are electrophiles and nucleophiles respectively in nature. This dramatically
enhances the complexity of reaction pathways, and significantly increases the difficulty in
controlling the selectivity of the target reaction. Thirdly, the conformations of cyclic com-
pounds are not as flexible as those of acyclic compounds. As a result, strategies that are not
uncommon for the remote C-H bond functionalization of acyclic amines are sometimes not
feasible for cyclic amines. Despite the above challenges, significant progress has still been
made in recent years toward the remote C-H bond functionalization of cyclic amines, with the
majority of methods relying on transition-metal catalysis.

This graphical review summarizes the transition-metal-catalyzed methods developed to date
for the purpose of C-H bond functionalization at remote positions of the rings of saturated cy-
clic amines, some of which involve concurrent a-C-H bond functionalization as well. Reactions
are grouped according to the mechanistic pathway that initiates the reaction of the cyclic
amine substrate, and full references are grouped by Figure number. Transition-metal-catalyzed
reactions using prefunctionalized substrates, such as cross-coupling with halogenated cyclic
amines and hydrofunctionalization of partially unsaturated aza-heterocycles, are outside the
scope of this review, and are thus not discussed.
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Oxidation of N-benzyl morpholines with ruthenium tetroxide (RuO,) i Oxidation with OsO,
: 0s04 (10 Mol%)

KsFe(CN)g (9 equiv)

RuO,*xH,0 on
(S/C = 10 mmol/80 mg O Me! KoCO3 (9 equiv)
\[ j/ NalO, (4.6 equiv) \[ j/ \[ 1 I i : R e
' t+BuOH/H,0 (1:1
CCly/Ho0 (1:1, 0.05 M) + N O R = cyclopropyl \@ rt 1£§h @
,7h ' 4.5- i ivati ’
Ph Ph O Ph Ph Ph) : 4,5-epoxymorphinan derivative OMe
R=H 20% 15% 30% 10% :
R =cis-Me 20% 40% n/a 8%

(1a) Tortorella, Synthesis 1976, 598.

Oxidation of other N-benzyl cyclic amines with RuO,

RuO,°xH,0
X (S/C =1 mmol/10 mg) X__0O X‘Y
NalOy (4 equiv) [ I . [ cHo + Products of only a-C-H
l}l CCly/H,0 (1:1, 0.05 M) '?l (o) l}] bond oxidation
Bn rt, 4~10 h Bn Bn
X=0,Y=CHO 1% 45% RuO, is generated in situ by the
X'=CHp, Y = CO,H 1% 42% oxidation of RuO, with NalOy
X =nil, Y =CO.H 1.5% 13.5%
X=NBn, Y =CHO 16% 43.5%
X

Proposed key intermediates leading [ /j
to B-C—H bond oxidation products N

(1b) Petride, Cent. Eur. J. Chem. 2004, 2, 302.
(1c) Petride, Cent. Eur. J. Chem. 2006, 4, 674.

Oxidation of natural products
RuClzexH,0 (4 mol%)
NalOy (12 equiv) 0
HoS0O4 (1.03 equiv, 1 M aq) (\
|

EtOAc/MeCN (1:1, 0.04 M)
0 °C to rt, 20 min

(t)-eburnamonine

(1d) Westwood, Org. Lett. 2012, 14, 6166.

For a comprehensive graphical review on amine C—H bond functionalization, including part of the work covered in this graphical review, see: (1f) Seidel, SynOpen 2021, 5, 173.
For other selected reviews containing examples of transition-metal-catalyzed remote C—H bond functionalization of cyclic amines, see: (1g) Baudoin, Chem. Eur. J. 2010, 16, 2654. (1h) Dai, Beilstein J. Org. Chem. 2016, 12, 702. (1i) Bull, Synthesis
2019, 51, 3171. (1j) Kapoor, Adv. Synth. Catal. 2020, 362, 4513. (1k) Gaunt, Chem. Rev. 2020, 120, 2613. (1) Arisawa, Synthesis 2021, 53, 2947. (1m) He & Fan, Org. Chem. Front. 2021, 8, 4582. (1n) Foley, Chem. Sci. 2021, 12, 4646.

Figure 1 Oxidation with metal tetroxides’
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Platinum as catalyst Palladium as catalyst Selected scope
Dehydrogenative Michael addition/cyclization with nitroolefins Dehydrogenative -alkoxy carbonylation o o o) 0
2 \ .
R Selected scope ! COS/OZ 6:1,1 a}m) OEt OEt OEt OFt
o NO» ! R30H (10 equiv) | | | |
O K2PtCly (10 mol%) | = R2 % Yield | PdCl, (10 mol%) N N N Me” N~ Me
N R O (1 atm) N : Cu(OAc); (20 mol%) o
+ \/\NO2 H Ph 70 : ( Kl (1 equiv) ( OR®
= 1,4-dioxane/H,0O = H 2-Me-CgHy 46 1 g2in - > g2 |
Y | 1.5 equiv (2:1,0.1 M), 5 AMS N | H 3-Cl-CeHy 54 ! KN MeCN (0.1 M) KN 75% 55% £ 50% 66%
H 60 °C, 13-21 h q H 4-MeO-CgH, 40 : R 80 °C. 12 h R "
H ) e O (0]
H 2-furyl 41 :
H Cy 200 i . OEt 0Bn
4-MeO Ph 71 Proposed mechanism o d)l\ @)J\ \
Proposed mechanism 4-Br Ph 40 OFt \ N
P 4-Me  2-Cl-CgHy 68 ! = N
[Pt + Bn—N |
1/2 0, 1/2 H,0O H * Reaction temperature is 80 °C. | OMe Z
'
ey e N 5 R % 3 o
Ph pn [FY Ph : Pd'Cl ) OEt 0
1 — Cu
! Bn—N " ) Etow /[ ToEt
el owe : PdCl, € °N + N N
Me
: Pd''Cl i—>
NO2 Ph : Bn—N
\/\NO | H — o/ * 0/ * o,
: ¢S Bn—N 25% 52% 60%
l}l ! * Cu(OAc), (1 equiv) is used under air to avoid over-oxidation
Ph ! (2c) He & Fan, Chem. Commun. 2017, 53, 4002. forming pyrrole products.
CHO PdCl; (5 mol%), t-BuOOH (1 equiv)
- o) - O
Selected scope Eh AN o PhMe (0.2 M), air, 80 °C, 8 h E,lh NHPh
] Ph O Ph 6]
O, . '
PICl; (10 mol%) R R? % Yield 1 3 equiv 63% trace
NO Oy(1 atm) ! .
/ 2 H H 65 1 Proposed mechanism OH
1 ®
1,4-dioxane/HyO 4-MeO H 57 /.~oo Ph O T HO | A
(2:1,0.1 M), 5AMS 4Br  H 52 +PdCl; == ph 2 P
o 2-Bn H 65 ' - 25 - - - N
/\ 80 °C, 19-25 h 1 %D N POl N" —hO )
H 5-MeO 62 / - 2 | 2 Ph
1 PH Cl,Pd  Ph Ph (o}
] B Ph
1.5 equiv ] Ph™ ~0O
: l 0]
1 Alternative pathway
E ® +PhN ) Ph Z - AN
(2a) Liang, J. Org. Chem. 2010, 75, 2893. : + PACIy/A g | [4+2] cycloaddition/[0] || P
H —_—
For the hydride abstraction mechanism in Pt(ll)-catalyzed reactions involving acyclic - = '}‘ _— ’}l
secondary and tertiary amines, see: (2b) Brunet, Organometallics 2006, 25, 2943. : PdC|2 = PdC'z C|2F('ad\o ® PhPh - PdCl, o Ph

(2d) He & Fan, Org. Lett. 2020, 22, 9053.

Figure 2 Hydride abstraction from cyclic amines, part I?
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Ruthenium as catalyst
Redox-neutral N- and B-dialkylation of secondary cyclic amines with alcohols

Selected scope
[Ru] (1.5 mol%)

( R
(@ OH  CSA (20-40 mol%) n p— T
vt R N
H PhMe (0.42 M) R) 0 Ph 80
2.4 equiv 150 °C, 16 h 0  4FCeH, 61
0 2BrCgH, 70
0  n-pentyl 50*
Ph Me.__Me 1 4-Me-CgH, 68
HBU |/ 1 2.CLCH, 62
PrRU~cy 1 4F,CCeH, 52
o) 2 Ph 68
SK, HO;S o)
4o * 170 °C, 24 h, n-hexanol
[Ru] camphor sulfonic acid (0.245 M) as solvent.

(CSA)

(3a) Bruneau, Adv. Synth. Catal. 2010, 352, 3141.

Reductive variant of Ru-catalyzed B-alkylation of tertiary cyclic amines with aldehydes Selected scope

i) [Ru] (2 mol%)

CSA (10 mol%), 16 h L

27 . ﬁ i) HCO,H (1.5 equiv), 1 h T N
e b 1 e
e T R2  PhMe (0.25 M), 140 °C ¢ ph)
1.2 equiv B0
B,p'-Dialkylation of N-methylpiperidine [Oj/\Ph
PhCHO (2.5 equiv), HCO,H (1 equiv) N
O otherwise identical conditions Ph/\(jﬂPh )
Bn
N N
Me Me 70%*

55% (rac/meso = 37/63)

Proposed mechanism for the formation of an enamine intermediate

® Rul  [RulH D) reo » 8 [o)
Isomerization
® @, (7
N M r\|l > N — N redox isomerization via )N
= (€]
Ph)\H Ph) Ph) H Ph) Ph

(3b) Bruneau, J. Am. Chem. Soc. 2011, 133, 10340.

Figure 3 Hydride abstraction from cyclic amines, part II?

Proposed mechanism

+ amine (O [Ru]-H [Ru] (@
OH (0] + CSA n E 1
R)\H RJ ﬁ| ° N
—H,0 .
2 R) R'SO; R)\H
\( A side product
®_
[Ru] [Ru]-H N °
R) R'SOS
+ CSA “ - CSA
& + RCH,OH or RCHO
R ~" "R 2
N N 5 -— N
: —H,0
R) R) R'SOS 2 R)

This reaction is an exception of this category — hydride abstraction occurs on primary alcohols.

(Nj/\(;/ N (& N Br

N
M

Ph) Ph) Phie Ph) Ph)

81% 81% 77% 75%
I N\
Q/\Ph 5 e 1n-CqH; n-CeHig

J

Ph N._Ph N._Ph N._Bn
70% 78% 75% 67%

* Amine is used in 1.1 equiv; HCO,H (2 equiv)

See also: (3c) Bruneau, Green Chem. 2013, 15, 775.

For B-alkylation of 1,2,3,4-tetrahydroisoquinolines (THIQ), see: (3d) Bruneau, J. Org. Chem. 2012, 77, 3674.
For B-alkylation of N-alkyl-N'-p-nitrophenyl piperazines, see: (3e) Suresh, Adv. Synth. Catal. 2021, 363, 453.
For B-alkylation of cyclic amines catalyzed by ruthenium N-heterocyclic carbene (NHC) complexes,

see: (3f) Ozdemir, J. Organomet. Chem. 2015, 799-800, 311. (3g) Ozdemir, Organometallics 2015, 34, 2296.
(3h) Ozdemir, Tetrahedron 2018, 74, 645. (3i) Kaloglu, Tetrahedron 2019, 75, 2265.
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Ru-catalyzed cyclization involving 3-C-H bond functionalization

[Ru(p-cymene)(OAc),] [Ir(Cp*)(dppbs)CI] OH
H (4 mol%) 0 (2 mol%)
(m DPPBSA (4 mol%) O | CSA (5 mol%) (
+ —_—
H N N O
l}l = O p-xylene (0.8 M), Ar | HO p-xylene (0.4 M) I|3n
Ph 150°C, 12 h R 150 °C, 20 h
62% R = Ph, 2.5 equiv 51%
R = Bn, 1.5 equiv
Dehydrogenative hydrolysis m | —H,
Ph
Pth Ph|
\P.....“{\Cl OH OH
o 803H 0 + H0
S\ —_——
)L O 11~0 O
o] N - R'SOzH N~ “OH
1 en® |
[RU(p-cymene)(OAc)zl DPPBSA [Ir(Cp*)(dppbs)Cl]  Bn R'SOs (CSA) Bn

(4a) Achard, Chem. Eur. J. 2015, 21, 14319.

[Ru(p-cymene)Cly], (5 mol%)
CHO  CSA (10 mol%), 4 A MS

°
[Nj [N Y E RS R

PhMe (0.3 M), 140 °C, 18 h

N N
| |

Me Me [Ru(p-cymene)Cl,]»
66%
Selected scope
F F4C, NO» Me

Br cl N
[N/ [N/ [N/ [N/ [N/ [N/

i 3} 3} i i y

' Me Me

47% 55% 37% 46% 64% 72%

(4b) Suresh, Chem. Commun. 2017, 53, 10448.

Figure 4 Hydride abstraction from cyclic amines, part Il
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i Ru-catalyzed dehydrogenation-aromatization with concurrent -alkylation

[Ru(p-cymene)Cl,]> (1 mol%)

BN 4-nitrobenzoic acid (50 mol%) NN Ar
R@\/j + ArCHO Rr
N p-xylene (0.33 M), O, (1 atm) 2\
H 120°C, 16 h

3 equiv
Selected scope

72% 65% 55% 58%
OzN Cl
27% 83% 41% 28 h) 48% 20 h)

Reaction involving an aliphatic aldehyde Proposed mechanism

standard

conditions
+ n-heptanal ——

L

N Nid Nid
H
l [Ru]

[RuHz]

: @fNj
: H

: @j/\/\/\/
P

! N

tautomerization

\
9% H [Ru
[Ru]
Oz
(4c) Zhang, Org. Lett. 2016, 18, 3174.
[RuH5]

: Transition-metal-catalyzed dehydrogenation— + R 'CHO
: aromatization of N-heterocycles without con- + H®
1 current B-alkylation represents a unique type
of remote C—H bond functionalization, and has
been extensively reviewed. It is thus not discussed herein, see: (4d) Fuijita, Tetrahedron 2020, 76, 130946.
| 1 (4e) Zhang, Catal. Sci. Technol. 2021, 11, 3990. (4f) Banerjee, Chem. Commun. 2021, 57, 13042.
(4g) He & Chen, J. Phys. Chem. C 2021, 125, 18553.

: Iridium as catalyst

Q.
Me NMe+\©\
H

2.2 equiv
1 (4h) Zhang, Chem. Commun. 2016, 52, 9359.
1 See also: (4a) and (4i) Kundu, J. Org. Chem. 2022, 87, 5603.

[IrCp*Cl5]2 (1 mol%)
PhCOOH (50 mol%)

CHO  p-xylene (0.5 M), N2
150 °C, 20 h

© 2022. Thieme. All rights reserved. SynOpen 2022, 6, 286-305
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Ground-state palladium as catalyst FeCl; (10 mol%), DMAP (10 mol%) Ph
. _ . - : eCl3 mol%), mol%
Dehydrogenative B-polyfluoroalkylation of N-methylpiperidine e (@ )OJ\ TBP (1 equiv), O, (1 atm) (mo
Pd(PPhs)s (5 mol%) 20 . ) ; + v
O + CICFy)sCFal | Fliactlon also works with : N Ph™ “CO,H MeCN (0.167 M), 60 °C, 24 h N
N N Ni® and PP catalysts : Ph Ph
) hexane (0.2 M) ) H . o
Me 60 °C. 30 min Me Rr=CI(CFy)3 ' 1 equiv n=1,65%
2 equiv 33% : n=2,75%
Proposed mechanism involves SET from the amine to a polyfluoroalkyl radical n=3,69%
+ PdP 1(5¢) Zhang & Fan, Adv. Synth. Catal. 2018, 360,261 e
ReCFol ——— RgCFy  RCF§ :
o ik e , CFAR: | FeCly (20 mol%), NasSz0s (5 equiv) 0o Me_Me Ph
O | Pd’, ReCFl | X dicumyl peroxide (DCP, 3 equiv) x. ¥ DCP = >LO*O7<Me
N LZ» o —— —— N Rz(_l/yn j DABCO (2 equiv), air A “Me Ph Me
A SET ) possibly involves an ) | ! N R T |
Me Me  iminium ion intermediate M Me ' b MeCN (0.2 M), 140 °C, 2 h '}‘1 DABCO = A\l\7
(5a) Huang, J. Org. Chem. 1987, 52, 3552. : R N
................................................................................................................. 1
Ground-state iron as catalyst Selected scope
FeCl; (5 mol%), DMAP (7.5 or 15 mol%) B : 00 00 00 00 00
s Ph +BuOOBu (TBP, 2.5 equiv) N | ; 3% Y N % 3%
N + \ Y : @/ “Me | “Me g/ “Me | “Me O/ “Me
b DCE (0.2 M), 60 °C, 12-48 h i :
Mes NO, ( ) Mes ' N N N N Me™ "N
4-10 equiv DMAP is used to suppress inhibition of the catalyst by amine substrates or products. /@ Br
Selected scope of amines Ph OoN
Boc Me Me ; CN 53%  MeO,C 71% 32% 49% 42%
(\/l/ﬂ' O R' N R' Mes = R'= % '
| cr  (r Yo |
2 ' Me Ph
l}l l}l l}l Me H O\\Sfp w0 l{l Q\S//O N-Phenylpyrrolidine substrate
Mes Mes Mes ! ] “Me Q/S\M ( ]/ “Me o\\g
H e —Me
70% 58% 53% ; 1
Proposed mechanism : N N N /\_/\ standard conditions /\_j/ )\
Me_ Me : - =
= R + t-BuOH Fe' N N
QO G Q7O | : :
N N v N . ¢BuOO#Bu | 26% £ 59% 14% M%
U I '
Mes Mes Mes Y tBuO : )
64%* 91% Ph (j/ Proposed mechanism
o +Fe Fe'l + +-BuO- : Me + NapS,0 o]
x ! A 29205 i
Ph H ‘ N ! DCP ———= Me}—o- Me- Me—S-
R R NOz ¥ o Mes : PH — acetophenone o)
: [O]
N Me” "N~ “Me L DCP _d. 0.0 0.0 0.0
) ) | NO N DAB Me—$ Y Fe'l Fell Y Y
Mes Mes N 2 o Ves CO o) “Me \ 14 “Me “Me
75% 47% 74% y N™ "H H — [ —— . > |
Mes +BuOH ) ! -
dr=4.1:1 dr=2:1 dr=3.4:1 Mes : N N N N -H N
* 2,6-Di-tert-butyl-4-hydroxytoluene (BHT; 1 equiv) Ph Ph Ph Ph Ph
is added. (5b) Oisaki & Kanai, Org. Lett. 2013, 15, 1918.: (5d) He & Fan, J. Org. Chem. 2020, 85, 15600.

Figure 5 Single-electron transfer (SET) from cyclic amines, part I°

© 2022. Thieme. All rights reserved. SynOpen 2022, 6, 286-305
Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany



SynOpen W. Chen et al.

1 R? RZ O
Ground-state copper as catalyst : 5
o ) o ) : CuCly*2H,0 (10 mol%) R
Cu-catalyzed -C—H bond oxidation of tertiary cyclic amines in complex pharmaceuticals o DCP (1 equiv), TEMPO (1 equiv) | o
cl cl : N + N
ol Cul (20 mol%), O, (,1 atm) cl : . Me” "R® MeCN (0.25 M), air _
TEMPO (2 equiv) NH O LSS 80 °C, 24 h L
o ! - 1 equiv P
DMSO (0.1 M) ~ | ) ! selected P d mechani O
: 1 Selected scope roposed mechanism
/H\/N\) 120°C, 16 h O/HS\/N\) : s : P ' . |
PR R2 RO % Yield N Ph
aripiprazole (antipsychotic) % R 0O OH [Q] e} Ph m
’ o E 3 230 E E: 22 )J\ /& )J\ N ©
(6a) Touré, J. Am. Chem. Soc. 2013, 135, 12346. 1 3-Br 5 Ph” “Me Ph Ph |
For related work involving Cu-catalyzed B-C—H bond oxidation of cyclic amines, 2-MeO H Ph 29 proved by trapping with Ph
see also: (6b) Fan, Tetrahedron Lett. 2019, 60, 151155. : LA: i: gg TEMPO forming:
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ' 0
CuCl, (5 mol%) NHTs Selected scope ' H H 1-naphthyl 45 )J\/O 01 || -H0
( NTs  t+-BuOOAc (2.5 equiv) ( Ar2 : 5 e i H H 2-furyl 56 Ph N
n + | n o AT A Ar EEEE I H  Me 66
2 A H
N Ar DMSO (0.5 M), 4 AMS N 1 Ph 4-F-CeHy 81 : o OH TEMPO
Arl 25°C, 12 h Ar! 1 Ph 2-Me-CgHy 66 : Ph Ph Ph
2 equiv 1 Ph 2-naphthyl 81 [0] +Ho0 + TEMPO
1 Ph 2-thienyl 51 ' | le} - | le} - | le} -
1 4-BrCeHs; Ph 93 : N ~H:0 N _TEMPOH !
2 Ph Ph 70 g Ph Ph Ph
(6c) zhou, Chem. Commun. 2007, 58,8770, L (6e) Zhang & Fan, .. Org. Chem. 2020, 85, 2220.
0] 0O i ]
X CuBr, (10 mol%) (X . , Proposed mechanism . (|) tBuO" + £BuO-
i +
g2 j J(J)\ TBP (2 equiv) SEVC R Y R | Ph +BUOOEBU
NT T RS COM “n NN N u(lny
|Iq1 2 MeCN (0.167 M) FI-§1 Ié{‘ )
60°C, 24 h Ph
1.2 equiv R' = alkyl ’}l Cu())
Selected scope Br SET
e
Ph Ph Ph
N N N N CO,Me Ph
sHle i @ J O @ S
NOs § Ph” >CO, +BUC®
69% 69% 29% 54% 59% 45% 71% Br +-BuOH
+ CuBr, H T
O (o] (0] (0] O O (o] Cu ﬁ/ph
B CF
Me O “Ph S Ph ' ° Ph Q oJ 0O /
| | | / \ / \ / \ OCUIIBr N +BuO- N
N N N N N N Ph Ph Bh
on : -
N HOLB Ot-Bu
| -|
= 0 bh Ot-Bu
23% 62% 52% 71 %o 64% 47% 47%
° ° ° ° ° ° ° —CO, cu''Br (6d) Zhang & Fan, J. Org. Chem. 2018, 83, 6524.

Figure 6 Single-electron transfer (SET) from cyclic amines, part 11°
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Photoexcited-state noble transition metals as catalysts

ol [Ir(d-F(CF3)ppy).dtbbpy]PFg 08 tBu
0=8=0 (2 mol%), Cs,CO3 (2.5 equiv) \SQRS
KPFs (1 equiv), HoO (3 equiv) [g\
R2 tBu

2-methylbutyronitrile (0.1 M) .1 | pE®
t, 30 h, 34 W blue LEDs R o
R 3
3 equiv [Ir(d-F(CF3)ppy).dtbbpy]PFg
Selected scope
Ts
g s G
N
Br \
N
COgEt Bn
Me
63% 37% (40 h) 55% 76% 45% 68%* 44%
* Reaction is performed in the absence of KPFg for 15 h. (C3:C4=91:1)
Proposed mechanism O\\ //O
S
7 i /G0 R
hv
O «gl O\\,, °
\\S//\ |I'“ St cl

. () R
\\u O\\l(/) O\\uo N
S—R S—R I SET
SET SET Bn o
Vo . N~ H
- 1
N N Bn

Pentafluoronitrobenzene oxidizes Ru(l) back to ground-state Ru(ll) and also acts as a hydrogen acceptor
(7¢) Xu, Angew. Chem. Int. Ed. 2018, 57, 5110. N

B -H Bn [ \5 C052®
Isolable side products possibly formed N K °
by further reduction of the sulfonyl radical Bn HCOg3
0 0 H
. /\\/,\ R‘S’S\R HCO? SET r}l
SR co.e o7 Bn
(7a) Rueping, Angew. Chem. Int. £d. 2018, 57, 14787. o N peo
For reactions involving addition of a chlorine radical to enamine intermediates, Bn
see: (7b) Wang, Org. Biomol. Chem. 2021, 19, 6141.
Ru(bpy)a(PFe)2 (1 mol%) CO.M
e
COzMe pentafluoronitrobenzene H z 1
1.5 equiv), KOAc (4 equiv
<N> . (15 equiv), KOAe (4 equlv) D7 coe  RURYIPF: ,
] 1 1
Ph CO,Me CH,Cl, (0.05 M), N, bh H :
3 equiv 35 °C, 96 h, white CFL 99%, dr > 20:1

Figure 7 Single-electron transfer (SET) from cyclic amines, part Il

Cross-coupling of 4,4-disubstituted tetrahydroquinolines

Br:
\©\/j+
N N
H

THIEME

Ru(bpy)3Cl2*6H20 (2 mol%)
Co(dmgH),PyCI (3 mol%)
TsOHe*H,0 (20 mol%)

36 h, otherwise
identical conditions
-

L
H
o
N

N CHCly (0.1 M), Np, rt, 8 h
90% H 3 W blue LEDs 90%
Selected scope of amines MeCl
LO—H
Me\/g NT s
N~pn -c6-N°

oN
NL
Co(dmgH)PyCl \)\Me

N
oy G

N N
H
N/ P T
C : ke
|

56% (24 h) 30% (24 h) 26% (48 h) x

Me_Me
TsOHeH,0 (40 mol%), 5 h

O X
otherwise identical conditions N

58% (+ 6% homo-coupling product of 6-Br-THQ)

O

—2H,

H
1 equiv

Proposed mechanism

@@0.@”

SET %
o -

Rl )) N )
o o

/
“Ru'
L O,
Hz‘& _H®
Co'" Ho_ W X
H |l| [P I |
N

i +H N (7d) Luo, ACS Catal. 2019, 9, 3589.
F3C OH
Ir(ppy)2(dtbbpy)PFg (1 mol%) CO,Et
)oj\ NaH,POy4 (2 equiv) A
FaC” “COEt  DMSO (0.1 M), blue LEDs N
1, 24 h Ph
2.5 equiv 78% (7e) Xiao, J. Org. Chem. 2020, 85, 9558.
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R(_an/j
NEt3 (1.5 or 4 equiv) '\N

( g

Pd(OAc); (10 mol%)
ligand (20 mol%)
Cs,CO3 (2 equiv) paln 3

benzene (0.1 M), No )
Blue LEDs, rt, 5-16 h

@/F’Phg (0]

R— + Cl)
CH2C|2 (0.2 M), N o
rt,2-12 h
3 equiv not isolated
ligand
Selected scope
OH
0}
O O O O
N N N N
Bz Bz Bz
85% 90% 94%* 80% 99%, rr=1.2:1

* Yield of the one-step reaction from N-(o-iodo)benzoyl amine.

Proposed mechanism

Pd°
HCo?, 1° v l
cog*° *Pd°
4 N—-Bz HPd'l

B-hydride

elimination .
direct hydrogen

abstraction

(8a) Gevorgyan, J. Am. Chem. Soc. 2018, 140, 2465.

Figure 8 Hydrogen atom transfer (HAT) from cyclic amines, part I®
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72% 64% (NMR yield)
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Reactions with a similar mechanism catalyzed by other metals

Ru3(CO)15 (3 mol%)
ligand (18 mol%) X
Cs,CO3 (2 equiv) [ ]

PhCI (5 M) N

150 °C, 18 h

X = CHyp, 69%
X =0, 78%

(8b) Morandi, Angew. Chem. Int. Ed. 2021, 60, 7290.

from norlaudanosine

[Co] (15 mol%)
DIPEA (3 equiv)

acetone (0.05 M)
blue LEDs, 40 °C, 24 h

Selected scope of other cyclic amines

[\
o_ 0O
o O O 0
B G G G
Boc Bz Bz

90%

95% 93%

(8c) Zheng & Xu, Chem. Sci. 2022, 13, 7947.
For a similar reaction with computational studies, see: (8d) El-Sepelgy, ACS Catal. 2022, 12, 8868.

MeO

83%

Ii%oc
N
(J
N
Bz

85%

88%
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Cl Ar
X Mn(TPFPP)CI (1 mol%) X ~
(ﬁ] j PhI(OAc), (2 equiv) (@ ] Mn(TPFRPICI
N MeCN (0.2 M) N
Boc 50°C,2h Boc
Selected scope of cyclic amines
Ii%oc
0} N
o 00 Q) J
i B i i y
Boc Boc Boc Boc
87% 74% 52% 45% 52%
Me
Cu(OAc), (50 mol%)
Mes-Acr-BF, (2.5 mol%) ’ Ve

( LiNO; (1.25 equiv) ( Mes-Acr-BF;  Me
R2y" Rr2=" | X
N N L
®

N MeCN (0.5 M), N, N tBu N +Bu
R 465 nm LEDs, 1t, 18 h R’ PR "o
BF,
Selected scope
Me O/ O\
Me
O 00 O O O
N ey y y \ )
R’ Boc Boc Cbz Boc Boc
R' = Boc, 79% 73% 50% 25% 30% 12%
R'=Cbz, 34%
Proposed mechanism
Mes-Acr®
cu hv Regeneration of Cu'
2Cu — cu + cu'
or
I * @
Cu Mes-Acr Cu' + *Mes-Acr® — Cu' + Mes-Acre
Mes-Acre
NO3
NO3* cu' cu!
) N A ()
T e
B B B B
oc HNO, oc oc oc

Figure 9 Hydrogen atom transfer (HAT) from cyclic amines, part II°
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Proposed mechanism
Phl(OAc)2/H,0

Mnlll
|
L) L
Boc "
Mn
0 |
—H,0 il L
2 ,Ymv VinlV
L L
[/ \ { 5 observed
N HA N by UV-Vis
Boc 0 Boc
A
|
L H™™N
Boc (9a) Groves, ACS Catal. 2019, 9, 9513.

Elaboration of ene-carbamates via hydrofunctionalization

Mes-Acr-BF; (2.5 mol%)
PhSH (20 mol%)

Nuc
@ NaOAc (25 mol%) O/ ' ' O
+  Nuc-H Proposed intermediate N J.

N DCE (0.77 M), N, N

Cbz  25equiv 465 nm LEDs, tt, 18 h

Selected scope of nucleophiles

NHBoc l,\l} I|30c
V4 COEt
SR Nes O O
o

) N ) b
Cbz Cbz Cbz Cbz
59%, dr = 1:1 36% 43% 41%

(from ammonium carbamate)

(j/CN (j/Na (j/CFa

N N N
Cbz Cbz Cbz
74%* 46%* 45%* * Without NaOAc.
(from 5 equiv TMSCN) (from TMSN3) (from NaO,SCF3)

(9b) Nicewicz, ACS Catal. 2021, 11, 3153.

For a study on visible-light photooxidation of nitrates, see: (9c) Kénig, Chem. Commun. 2015, 51, 6568.

For mechanistic studies on a similar anti-Markovnikov hydrofunctionalization of alkenes, see:
(9d) Nicewicz, J. Am. Chem. Soc. 2014, 136, 17024.

ébz
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Proposed mechanism

NaDT (1 mol%) o ! H FAC—I—O0 NaDT (1 mol%), CuCIZI(S mol%) CFs
H>0, (2.5 equiv) 0] H H2SOy4 (1.2 equiv)
HoSO4 (1.5 equiv) NaOH (Boc), H + O
{ S H N HoO/MeCN (9:1, 0.025 M) N
N HSO% N : H - N
N H,O/MeCN (1.7 M) “ CH20I2 : 390 nm lamp, 2030 °C, 8 h
365 nm LEDs Boc 1.25 equiv 66%, single regioisomer
o o} 40  64% (UPLC yield) 43% 34% 43% 'Selected scope of other cyclic amines Proposed mechanism
1 1} B =2:1 '
O//tho//V\(o\ 4Na® B ) ' CF3 CF5
/ 0o\ - VI\///-O\ A reaction performed in flow with molecular Oy as oxidant on a scale FaC——0
O=W/ |_ /| | O/ [ of 5 g pyrrolidine gives a 46% isolated yield of the Boc-protected product. : | H
Ro-w"\ W= o’/ ! + N L.Cu'—
L1 O 1 '
OOO‘V X |/ ¢ NaDT (NagW1003) ! 80%, v:p=75:225 51%, y:;p = 83:17
\W,o\ylv/ 5 9 R
o) o] : oF N [W10032]®, L, éum
Proposed mechnism H : /i 3 Lb/CFS
: e hv SET
i 39%, single regioisomer 33%, single regioisomer —H®
W10 ] H “H : dr > 20:1 dr > 20:1
10032 .
O-OH o CF3 [W;0032]*® "|®[W10032]5
AT 4 H0, HAT, then [O] ; @ OTj/CFS H
E— —— H d
N N N tHOC Sy N HAT
/ N VAN AN H H
H H H H H : H H
[W+0032]*° H[W100221°° detected by NMR 58%, 1.8 = 88:12 45%*, single regioisomer / \
L and ESI-MS E dr=1.3:1 (major)
ogcaton \* Two additions of Togni reagent and NaDT; product  H H 'H H "H
(10a) Schultz, Angew. Chem. Int. Ed. 2017, 56,15274. | isolated after reduction with NaBHj. Protonation of the amine nitrogen makes the adjacent hydrogen atom
TBADT (1 mol%) 0c) MacMillan, Nat. Chem. 2020, 12, 459. stronger and less hydridic, thus less reactive.
Boc Ni(dtbbpy)Br; (5 mol%) Boc ;"""""-"-"-"-""--"-""""""""""-""o- -------------------------------------------------------------------
N «C NagPOs (1.1 equiv) N 0 N8 i H NaDT (1 mol%) I BnBr (1.2 equiv) O\\S/P
Ab/H . ] S 5 ; <—S S0 (aq, 3 equiv) OH  NaHCO; (1.5 equiv) FS “Bn
~ H e ——
Br MeCN (0.04 M) =N . N 50%, over two steps
! N N s s
5 equiv 390 nm lamp, fan, 18 h  28%, rr > 20:1, dr > 20:1 33% /i H 3222/:1"??33(0;;3 '\g)h A EtOH, t, 16 h N single regioisomer
(£)-N-Boc-epibatidine rr > 20:1, dr > 20:1 . Y 0 0
Boc Boc cl ' N/
H L= R* R I S , TBADT= o o Proposed mechanism + S0,
HAT Ny =1 4(n-BusN)®[WioOzl* : _—
' ZAS HAT ZAS ZAN
@ 50 , HO[W10032]%° : H H H H H H
HO[W;0032] 10V32 L,Ni° L,Ni'—R! ) tBu = ! ® 50 ® 9
R=—Br =N.,  _Br E *[W10032]4e H™[W10032° 5 2H®[W1035]®
P !
“[W1¢O3]*® SET| - HBr o Z N7 B ;
R e : hv SET| +H®
- T Ni(dtbbpy)Br, : o I
L,Ni'—Br L,Ni""—R H W1O32]* N
[W16051° 2HOW;05I®° ™ " : PelT N . OH
Br : H¥[W10032]

RI—R2
(10b) MacMillan, Nature 2018, 560, 70.

Figure 10 Hydrogen atom transfer (HAT) from cyclic amines, part I11°

(10d) MacMillan, J. Am. Chem. Soc. 2021, 143, 9737.

H
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i) s-BuLi (1.2 equiv)
TMEDA (1 equiv)

Me |
Me Me Me N. _Me ! -78°C,4h Phl (0.7 equiv)
N Rh4(CO); (4 mol%) N N J: | g O i) ZnCly (1.2 equiv) Me Pd(dba), (5 mol%) J\/j oo g_ng
' —78 °C, 15 min RuPhos (5 mol%) ET -Er
[ j ethylene (10 atm), CO (15 atm) [ ]ﬁﬁ { //)\nA Me” N Me | we SN i VtVNan (
N N Me N Me o) 1 ! “Boc o
PhMe (0.33 M), 160 °C, 20 h 5 )\ 4 SN Boc ether/THF THF, 0-40 °C, 36 h
Z N Z N N7 N W : 90%, dr = 93.7 RuPhos
\) ~ \/ll ! Substrate-controlled. Substrates without a 6-methyl group give o.-functionalization products.
85% 84% COzMe 5oo, :(.1.1.?).5'199[1?.'.‘./. Am. Chem. Soc. 2011, 133, 4774. R e s
! i) s-BulLi (1.2 equiv), TMEDA (1.2 equiv)
Proposed mechanism ether,-78 °C, 3 h
' iy ZnCl, (1.2 equiv, soln in THF) Ar
R-L ligand 1 (5 mol%) R_/j —78 °C, 30 min, thenwarmtort, 1 h R—/
B-hydride ' KN T — kN kN
[ j\ [Rh] [ l + ethybne [ I el|m|nat|on [ j\ [Rh] [ :L Boc otherwise identical Boc i) Pd(dba)s*CHCI; (2.5 mol%) &
[Rh] H [Rh] Et [Rh] [Hh] H ! conditions ligand 2 (5 mol%), ArBr (0.7 equiv) 0c
Z N Z N B Z N AN | B0 = 6:94, 78% (combined) PhMe, 60 °C, 17 h B:o. = 91:9, 59% (B)
| | ethane | | '
\) \) x \ i R=H, Ar=4-F3C-CeHy R =H, Ar = 4-F3C-CgHy
i PCy, A\
: M M O\ :
l * ethyleneE Catalyst-controlled  ligand 1 €0 OMe ligand2 "N P(i-Pr)2
(SPhos) Ph
Me Me Me Me !
lil l{l ,{‘ I{l 1 Selected scope of B-functionalization* Cyclic amines with other ring sizes (5,7,8) predominantly
[ | [ l [ | [ | CN = give a-arylation products despite the use of ligand 2.
0 co +CO !
N Me - N [Rh]—{ N" (RAT N” [Rhl-Et | A Proposed mechanism
2>\ © @\1/ Et AN CE AN | N N A L
| | | | i Heoo_ 7
1 1 L~ — -
= = = = ; Boc Boc Pﬁl\/o Pd—a,
(11a) Murai, Organometallics 1997, 16, 3615. ; B:o. = 85:15, 51% B:oo=91:9, 62% % Ot B N
For reactions directed by an amido group, see: (11b) Murai, Tetrahedron Lett. 1997, 38, 7565. : (coupling at 80 °C) / u (0]
X X : Ar OtBu
oo [Co] (4 mol%) N ; CoMe g M o LPd®
K KN : - “Boc
dio-cyclohexane (0.5 M) | H
Me—S|-Me o Me—Si-Me B d L
80°C,1h H N Me™ SN T
= 5 i < L . H- Pd Ar
: oC oC ;
7§( SlEni | Bio=82:18, 57% B:o=98:2, 61% AW Boe rds AP H Boc < _\N
| n R X % Yield (NMR) : (coupling at 80 °C) %N’ - %N Ar— Pd H / “Boc
[Co] /Co\ 1 H CH, >99 :
N 7/ SiMes 1 3Me CH; >95 (2 h) H Me (rds = rate-determining step) < :N
MeSi 1 H NMe >95 H “Boc
cas! 1 H o >99 5 ] )
1 H s ~90* | N (11f) Baudoin, Chem. Sci. 2013, 4, 2241.
2 H CH, >90 (6 d) H Boc * Yields correspond to  For a palladium-catalyzed ligand-controlled B-functionalization
(11c) Brookhart, J. Am. Chem. Soc. 2007, 129, 14544. 3 H CH, >95 ! B0, = 95:5, 43% isolated yields of p-  ©f Boc_-1,3-o_xazinanes and its application in the synthesis of
* A Rh catalyst with the same structure is used. ! (coupling at 80 °C) arylation products.  B-amino acids, see: (11g) Baudoin, Nat. Catal. 2019, 2, 882.

See also: (11d) Bradley, Chem. Commun. 2012, 48, 368.

Figure 11 Directed a-C-H bond activation of cyclic amines, followed by B-hydride elimination, part I'?
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Br Pd(OAc), (2.5 mol%)
S (\)-(_ 2 KOPiv (3 equiv) AN A
R R A i
N LA N
g " DMA (0.25 M) S0
150 °C, 16 h
Selected scope
o0 oD O Q .0
//\\ O//S\b //\\
61% 48% 61% o
" (\O O | AN 7
N o
//S\\ /, \\ /,S\\ // \\ Me
00 o I
55% 79%* 30% 41%

* PdCI(C3Hs)(dppb) (5 mol%) is used as the catalyst. dppb = 1,4-bis(diphenylphosphino)butane.

Proposed mechanism

CLO

// \\

d(OAc)2

>/Pd

@E e

// \\

L0

// \\

@PdQ
/, \\

PivOH

O
O O, /
[ H Pd H
s-N
N 7a\Y
" ~__ 00—
//S\\ O O
(O)N6]

(12a) Doucet, Adv. Synth. Catal. 2014, 356, 119.

Figure 12 Directed a-C-H bond activation of cyclic amines, followed by B-hydride elimination, part 112

Pd,(dba)3*CHCl3 (5 mol%) > TIPS
RuPhos (10 mol%)
/ Cs,CO3 (1.2 equiv)
N + N
0. 1) PhMe (0.2 M) o)
ﬁ/go 40°C, 24 h 0
Ph Ph TIPS Br ne1 Ph
27% 20% 1.2 equiv 53%
H
.wPh N‘Ph
on RuPhos-Pd-G4 (10 mol%) Ve PO oipr
0 . Cs,CO0O3 (1.2 equiv) N o) O OMs C¥3y
N—Me
o h PhMe (0.2 M) OY&
N, 40°C, 24 h o N, O N-Me
N-Me Ph Ph H
~
| 33% 27%
Me RuPhos-Pd-G4
1.2 equiv Reactions involving arylbromides and alkenylbromides give exclusively a.-functionalization products
Computed mechanism (0] R
Ph‘&i
4 N RBr, Cs2COs3, .Ph
OH
Cy R H PdoL
| /7 c R~gr Q:-Fs
Cy P_Pd Cy. % \
orH Hfo ~p—Pg::-0} ° Q
o N
T Ph
R'O

B-hydride elimination—
metal reinsertion
C RH
Y N

3 ! OR' HOI °
.\R'o‘ Ph

"proximal” ﬁ—carb?)&

elimination

Cer—Pd

A
P—Pd---O

%
(12b) Musaev, Yeung & Sarpong, ACS Catal. 2020, 10, 2929. PhH

For computational studies on the reactivity and selectivity of this reaction,
see: (12c) Sarpong & Musaev, J. Am. Chem. Soc. 2020, 142, 21140.

BrCsCsHCO3
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dr = 10:1 (trans:cis)
one-pot, over two steps

(13i) Wu, Org. Lett. 2014, 16, 480. (13]) Cao, Dong & Wu, J. Org. Chem. 2016, 81, 956.
(13k) Kazmaier, J. Org. Chem. 2016, 81, 11646.
(13l) Wu, Tetrahedron Lett. 2017, 58, 606. See also: (13f) and (139).

Pd(OAc), (10 mol%) CO,Me Other C2-directing groups
. (BnO),P(0)OH (20 mol%) ((NH ;
AgoCO3 (2 equiv) AQ = ! F
NNAQ  + Me0,C B N AQ = AN . o
) +AmylOH (0.1 M) | Ao of Fa
Cbz O . Ar, 110 °C Cbz O : \)]\ H I A
2 equiv 80% H [ F N~
Proposed mechanism CO-Me (13m) Stamos & Yu, Chem. Eur. J. 2016, 22, 4748. (13n) Ge, Org. Lett. 2015, 17, 3738.
AQ ;
l}l H ! =z | Pd(OAc), (10 mol%) = |
o Cbz O 20 : ~ o 2,6-dimethylbenzoic acid (25 mol%) I ~ 0
H® COs™ ; N ! Ag2COs3 (1 equiv) NF ;N
I H
MeOC B Pd : H NH o+ /Ej/ - N NH
N\ : FiC” N neat, 24 h, 120 °C
H N N
\ ' Boc Boc
N
l}l 8 equiv 72% (aryl iodide recovered
Cbz O A in 84% yield)
(130) Maes, ACS Catal. 2016, 6, 4486.
1 See also: (13p) Maulide, Angew. Chem. Int. Ed. 2018, 57, 10737. (13q) Maes, Angew. Chem. Int. Ed. 2021, 60, 21988.
MeOC :
\ / N N : Other C3-directing groups
RdN-N :
N HCOS :
N PduzN//\\\ ¢ : o} o Cl
Cbz O H Nz
~ 5 S 0e o
N 5 N HO cl
Cbz O '
MeOZC/\Br (13r) Bull, Org. Lett. 2018, 20, 3948. (13s) Melillo & Yu, Angew. Chem. Int. Ed. 2020, 59, 7783.
The silver cation is speculated to 1) promote the oxidative addition via a Sy2 pathway; 2) act as a halide scavengerE _______________________________________________________________________________________________________________________
promoting the reductive elimination; and 3) remove the halide from Pd" to regenerate a more active Pd" catalyst. . )
1 C4-directing groups
(13a) Chen, J. Am. Chem. Soc. 2013, 135, 12135. !
For a review on the topic of this Figure, see: (1i) Bull, Synthesis 2019, 51, 3171. Ow _AQ Pd(OAC), (10 mol%) A B
For other reactions using C2-8-aminoquinolinamide as a directing group, see: ' MesCO,H (30 mol%) O Q r
(13b) Bull, Org. Lett. 2014, 16, 4956. (13c) Liu & Zhang, Eur. J. Org. Chem. 2015, 142. H Ag2COg (1.25 equiv) DBU (3 equiv)
(13d) Xu, Org.Lett. 2015, 17, 3798. (13e) Bull, Eur. J. Org. Chem. 2016, 139. . s
(13f) Cao &.Wu, Asian J. Org. Chem. 2016, 5, 608. N PhCF4 (0.3 M) N 110°C, 24 h
(13g) Schreiber, J. Am. Chem. Soc. 2017, 139, 11300. ! ||3 B 45°C. 24 h é L
(13h) Mykhailiuk, Org. Biomo. Chem. 2019, 17, 4342. g ¢ r ’ 0oc epimerization )
For the application of this method to the synthesis and modification of bioactive compounds, see: 2 equiv 53% (trans)

(13t) Bull, Adv. Synth. Catal. 2022, 364, 1488. See also: (13s)

Figure 13 Directed B-C-H bond activation of cyclic amines'?

© 2022. Thieme. All rights reserved. SynOpen 2022, 6, 286-305
Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany



301

THIEME
SynOpen W. Chen et al.
Piperidines with C3-AQ amide directing group F F ) (Boc),O (4 equiv)
DMAP (20 mol%)
O
) MeCN (0.5 M), 35 °C, 24 h S
| Pd(OAc); (5 mol%) o o ii) LiAIH, (4 equiv)
K2COs (1 equiv) DBU (3 equiv) I THF (0.23 M), 25 °C, 30 min N o~
PivOH (1 equw) AQ q “NaQ " SoH . N0
PhCF3 (2 M) N PhMe (1 M) lTj f}l
110°C, 18 h éOC 110°C,24 h Boc Boc
99.1% e 3 equiv 43%, 99.3% ee 95%, 99.2% ee 79%, over two steps (-)-paroxetine
(antidepressant) (13r) Bull, Org. Lett. 2018, 20, 3948.
Transannular C-H bond functionalization Computed mechanism (with CsOAc and N-pentafluorobenzoyl piperidine as a model system)
CeFs
H ’
Arl (1-2 equiv) COMe HN'CGFS HN
Pd(OAc), (10 mol%) NHAC N 0
CsOPiv (3 equiv) N 0 Ph LT
) . HLD 7<¥
#\WH\C . FAMYIOH (0.108 M) ﬂ o o Me
777 Np,130°C, 18 h w7 (0]
o 2 74% 88% 80%  63% ol s o/H )—Me H _ﬁo oF
N 6Fs
CsF7= Upon completion of the reactions, hydrazine water solution or methanol is added C|) CoF Ve O‘Pld—N/
and the reaction mixtures are heated at 60 °C to remove the ligated Pd from products. Me O—p d—N/ s \<O o AcOH
N
F. q A A | o) H \% Me
Selected scope of other alicyclic amines* N —0 CoF
v Lels
F F N ~Pd—N
Br. OMe M e\(o ‘H’O ] |
CFs ¢ Do N 0 Me
8 ) o d H D By :
Ph TS2= Ho | Cofs AcOH 0770
NHC,F5 NHC,H; L Co-t P‘d_N rds | TS1 = ,H\ N | /CGF5
—( N o N <ol N )T e Pd—N
(©) Pd—N Me N O
N Ph competitive pathway
35% O 55% H\ 34% barrier is 2.5 kcal/mol higher than TS1 HO 0
(from amitifadine) C7F7 Pld—N/CSFS
Cl Cl O \ Q @ |
c F AA Nfo
Ph " s CGF5
Ph Phl
L 75 7{:
NHC7H7 0 ‘ CsOAc oo
N H N H /N NHC7H;
54%0 44%O 45% 25% (from cytisine)
(from varenicline)  Cs salt facilitates the oxidative addition and /od/ne abstraction steps to regenerate the active catalyst.
* The regeneration of Pd(OAc). is not expected to occur; the product is directly displaced by another substrate's directing group.

*120-150 °C, 20-30 equiv Arl, neat or in +-AmylOH under air; work-up with NaBH, if aminal product forms.
(14c) Zimmerman, ACS Catal. 2017, 7, 5466.

(14a) Sanford, Nature 2016, 531, 220. See also: (14b) Sanford, Synlett 2019, 30, 417. For a study on the synthesis of a model complex for this reaction, see: (14d) Sanford, Organometallics 2019, 38, 138.

Figure 14 Directed y- and more remote C-H bond activation of cyclic amines, part I'4
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Transannular C-H functionalization with a 2"9-generation Pd catalyst system

Pd(OAc), (10 mol%)
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CsOPiv (3 equiv)

H
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D .
—n-P¢ )
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150 °C, 18 h
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Ph Ph
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(0}
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without ligand: 62%
with ligand: 90%

without ligand: 33%
with ligand: 76%

Tropane and azanorbornane substrates*

K\(N‘DG W\(N‘DG

tropane core

MeO.

without ligand: trace 46%
with ligand: 49%

MeO MeO.

N. N
DG
N

40% OMe 50%

DG =
Ar o oF CFs
—\ .DG ligand iZ o
l N N N F
R OH H
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Br.
Npa Meg@\m\rmm

Ph

Ph N><(°
NHCH,

’EQN‘DG
Ph

N
NI _
v/ without ligand: 45%
with ligand: 81%

without ligand: 34%
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Cl
)
%
NH
epibatidine (frog poison)

FsC
N, e N
\DG O ~

DG

47% 47%
OMe

MeO
N. N.
G DG DG
(0]
54% 3 42%

* 140 °C, 45 equiv Arl; reaction of the azanorbornane substrate is performed with quinoline-2-carboxylic acid as the ligand.

The effect of the ligand is thought to rescue off-cycle Pd species based on experimental studies.

(15a) Sanford, J. Am. Chem. Soc. 2018, 140, 5599.

For studies on this reaction with an increased substrate scope and its application in medicinal chemistry, see:
(15b) Li, Dechantsreiter & Dandapani, J. Org. Chem. 2020, 85, 6747.

Figure 15 Directed y- and more remote C-H bond activation of cyclic amines, part II'>
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Introduction of other functional groups

H
Pd(OAc), (1 equiv)
N-DG 100°C, 1h
A: DMSO (1 equiv), MeCN (0.0725 M)
B: DMSO (3 equiv), MeCN (0.0725 M)
C: DMSO as solvent (0.0725 M)
O
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X =Cl, 50% (B) 44% (A) 57% (C)
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O L
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—Mes oPhy zO—
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OAc SPh N
\-DG \-DG ?N,DG
53% (A) 75% (C) 38% (C)

The one-step reaction with a catalytic amount of Pd(OAc), gives trace product.

Selected scope of y-borylation*

Bpin Bpin
E\N,DG KN,DG
NO, NH
52% 35%
Bpin Bpin

0
N/DG N><f
NHC,H;
48% FsC \JN 57%
N

* Reaction time is 3 h for the borylation step.

(15c) Sanford, Angew. Chem. Int. Ed. 2021, 60, 11227.
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7 O\\S//o = i Br
R“é‘ﬁ?@l%(fsﬂi’z' K HN™"70" "CCly i) [RhLa] 1 (0.5 mol%) fj\
0. .0 (2 equiv, slow addition over 3 h) H CHCl (0.083 M) N H [Rh3L4] 2 (0.5 mol%)
©\/j + PN Q  ,=CCly  mé6h iy CH,Cl, (0.083 M)
j\ HeN"""0" "CCls benzene (0.3 M) j\ h >.:.o TFA, M 15h 1.5 equiv men
07 CFq 23°C,4-5h P C N
1 equiv 70%

B
H 7 R =Boc + (0] (0]
Q Na 76%, 97% ee
Br O._-CCls R= > 30:1 (y:0)
83%, dr=11:1
Br © Br

93% ee (major)

* Isolated after oxidation with H,Oo/NaOH.

(16b) Hartwig, Science 2020, 368, 736.

Rhy(esp)2 The reaction involves Rh-nitrenoid insertion into the C—H bond. slow addition over 2 h
Ady  PTRh
NVl
(162) Du Bois, J. Am. Chem. Soc. 2007, 129, 562. N O—Rh
--------------------------------------------------------------------------------------------------------------- H Cl 0
[Irf(OMe)(COD)], (2.5 mol%) : cl cl
( H 2-mphen (5 mol%) ( Bpin Cl 4
n H n '
(j/ "o looctane (1.25 M), 100 °C, 20 h (j/ ; Ad = adamanty|
[}1 cyclooctane (1. ), , l}l ' [RhoLa] 1 [RhyL,] 2
R 3 equiv open vial under N or closed R !
A stronger electron-withdrawing protecting group and a sterically more demanding catalyst improves y- over a.-selectivity.
M S |
- \lr/o\lr/ _ H
k‘/ \(ID/ NI | N™ "Me H Scope of y-functionalization

Me =N
[Ir(OMe)(COD)], 2-mphen :
Selected scope Bpin
Bpin Bpin ) OH s
S gr O L g f

N N N N FsC N N 57%, 96% ee, rr > 30:1 19%, 75% ee, rr > 30:1 50%, 98% ee, rr > 30:1
Boc Boc A A Boc Boc |
07" >tBu 0”7 "CF; :

51% 54% 42%, By = 6:1 26% 60%*, dr = 3:1 37%, dr=2.5:1 : (16c) Reiser & Davies, Chem. Eur. J. 2020, 26, 4236.

Figure 16 Undirected remote C-H bond activation of cyclic amines'®
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