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Introduction

Chiral a-Functionalized Azacycles in Bioactive Compounds
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Introduction

(-)-Sparteine Mediated Asymmetric a-Functionalization

Z 5 1) s-BuLi/(-)-sparteine Z 5..,,,,,
> E

N N :
I 2) E+ E ( )
Boc Boc :

up to 96% ee

E = Si(CHs)s, (CgHs),COH, CO,H, CHa, Sn(C4Hg)s
CH,OH, (CH3),COH, D......

{ 5 1) s-BuLi/(-)-sparteine { E
> -u,,,”
'Ar

N 2) ZnC|2 N : |
| 3) Pd(OAC),, 'BusP-HBF,, ArX ' g (-)-sparteine

up to 87% yield, 97:3 er

Beak, P.* et al. J. Am. Chem. Soc. 1994, 116, 3231
Campos, K. R.* et al. J. Am. Chem. Soc. 2006, 128, 3538
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Introduction

Ni-Catalyzed Enantioselective a-Alkylation of N-Heterocycles

()

N

I
Boc

1.5 equiv

1) 1.6 eq. s-BulLi, 1.5 eq. TMEDA O
2)0.75 eq. Znl, ~ y gy
3) alkyl-I, 15 mol% NiCl,sDME, 17mol% Ligand |
Boc
Ar, Ar ,
%, Ligand 82-94% ee

Ar = 1-naphthyl
MeHN NHMe

( O\)2\Zn

|
Boc

0.75 equiv

+

15 mol% Ni(acac),
17mol% Ligand
[-alkyl » alkyl

THF/Et,0, rt. N

Boc

Ar Ar
s Ligand up to 94% vyield

Ar = 1-naphthyl up to 93% ee
MeHN NHMe

Cordier, C. J.; Fu, G. C.* et al. J. Am. Chem. Soc. 2013, 135, 10946
Mu, X.; Fu, G. C.* et al. Angew. Chem. Int. Ed. 2017, 56, 5821
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Introduction

Pd-Catalyzed Enantioselective a-Arylation of N-Heterocycles
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|
DG

DG

Pd,(dba)s (5 mol%), PA2 (12 mol%) \ )
» “"Ar

1,4-BQ, KHCO3, ArB(OH),, t-AmylOH, 65 °C |
DG

up to 97% ee

S Cre T
Pr Pr

Ar'

PA2: Ar' = 9-anthracenyl

Azetidines, pyrrolidines, piperidines, azepanes,
indolines, tetrahydroisoquinolines, ethyl amines

Jain, P.; Yu, J.-Q.* et al. Nat. Chem. 2017, 9, 140
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Introduction

C(sp3)-H Functionalization Enabled by Hydrogen Atom Transfer Strategy
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Hydrogen Atom Transfer

Capaldo, L.; Fagnoni, M.* et al. Chem. Rev. 2022, 122, 1875
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Introduction

Ar-Cl cl

|“9

o) reductant L, Nl"—Ar aryl chloride
+
Ar L Ni .
8
Irt 3 H)\OR

ether (solvent)

v *1rlll 4
oxndant |
O ¢ <|:| Ir[dF (CF3)ppyly(dtbbpy)PFg
e (2 mol%)
L, Ni''—Ar LaNiT—Ar Ni(cod), (10 mol%)
5 dtbbpy (15 mol%)
K3PO, (2 eq.), 0.04 M
34 W Blue LED, 23 °C
_ _ hv l
O 8 Cl . R
L, Ni'—Ar
L _ ‘N/ L.Ni'"=Ar 6 @ OR
HCI

H/O up to 93% vyield

0]

Shields, B. J.; Doyle, A. G.* J. Am. Chem. Soc. 2016, 138, 12719
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Introduction

3-acetoxyquinuclidine (1.1 eq.)
Br 1 mol% Ir[dF(CF3)ppyl,(dtbbpy)PFg
1 mol% NiBry*3H,0, 1 mol% 4,7-dOMe-phen
N + »> N
| CO-Me H,O (40 eq.), DMSO (0.25 M) I|300
Boc 2 34 W blue LEDs CO,Me
O<H *_|rI|| ’/h\/v\\ Al X

N H oxidant l}l

I Boc Z

Boc OAc Photoredox CO-Me

[N Catalytic LnNil-Br
+o Cycle
N Organocatalytic Ir' Nickel I|3r
éOC Cycle reductant Catalytic LnNiM-Ar
LnNiO Cycle I
OAc [ OAc Alk
Br
TG SO g
H v I B
LnNi'-A oc
CO,Me Har

Shaw, M. H.: MacMillan, D. W. C.* et al. Science 2016, 352, 1304
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Introduction

Arl-Br A Bu Bu
1.0 eq. 20 mol% NiCl,+glyme, 20 mol% Ligand /k
+ 2.2 mol% Ir[dF(CF 3)ppyl,(dtobpy)Cl AT DR
’ '
H ;

2 eq. K;HPO4, 25% DMBP 36 examples N N
J\ 8 W blue LEDs, dioxane, rt up to 87% yield : ): /> <\ j
p )

up to 92% ee

2
AP "R g, L/N'\ ArR
\\_/ v X
L
Nil'—Ar’ C il
C/ . NI—X i
m g 7y Ir(11)
I
L/, \\\Ar1
G h.NHK L
/ m,
AT ( “Ni® Ir(lll)_blue LEDs Ir(Ill)*
R

Cheng, X.; Lu, Z.* et al. Nat. Commun. 2019, 10, 3549
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Introduction

R'COOH _ ,
1.0 eq. 5 mol% NiBr,+glyme, 7 mol% Ligand J\/Rz E
1 mol% Ir[dF(CF3)ppyl,(dtbbpy)PFg :
+ ; O O
H 1.5 eq. DMDC, 1.0 eq. NH,C| NHBz iPth<;/[ \ Ph
)\ 1.0 eq. Na,HPO,, 'PrOAc 49 examples i N N
BzHN™ ~R? 40 W blue LEDs, 15 °C upto 92% yield |  py Ph
3.0 eq. up to 96% ee |

O
HBr BzHN ,
Ll, \\X 1 R
Br_J ( , R! R
| |||Y NHBZ
NHBz L
Ho R? i
Y * N| _X

HAT-mediated

NHBz C-H cleavage * N'”

o . ”/u
In situ activated O \ hv
i .
1J\ carboxylic acid Start
R OH
Here Ir(I)*

| bwmbc 0 L% m
co, R1J\X

-MeOH

Ir(11)

Shu, X.; Huo, H.* et al. J. Am. Chem. Soc. 2020, 142, 19058

12



Project Synopsis

Site- and Enantioselective a-Acylation of Saturated Azacycles

O\go kcal/mol CO,Me
N HA 'Il(\/
O
O
=t )]\/\
Hg HO CO,Me
87 kcal/mol + DMDC (activator)
Cle
R O
(3 X Q) L
. e gl
N X R > ( vl T' _O
N N
)\ in situ-activated X %
o™ Ar carboxylic acid O "
L r -




Project Synopsis

Site- and Enantioselective a-Acylation of Saturated Azacycles

‘N H
O)\A

89-94 kcal/mol
A

\__(cl-.

r

v Control the site selectivity of HAT

e 8+

i >----H---CI
L... 8-
)=o

Ar

Challenges

Polar effects control kinetics

Thermodynamic feasibility

Polarity-matched HAT

H—CI

103 kcal/mol

v Control the enantioselectivity of the reaction

v Be amenable to late-stage diversifications ¥ No substrate preactivation steps required
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Optimization of Reaction Conditions

COzMe
Ha )l\/\ i N
N + HO coMe 10 mol% NiCly-glyme

O
13 mol% (S,R)-L1 o
O 2 1 mol% Ir[dF(CF3)ppyl,(dtbbpy)PFg
1.5 eq. DMDC, 1.5 eq. 2,6-lutidine
benzene, 20 °C, 24 h g O
"By 427 nm blue LEDs (40 W) "By
from retinoic acid B
receptor agonist
( )

3b 07 >"Cco,Me
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Optimization of Reaction Conditions

{ f COzMe
N

13 mol% (S,R)-L1 o)
1 mol% Ir[dF(CF3)ppy]o(dtbbpy)PFg O

1.5 eq. DMDC, 1.5 eq. 2,6-lutidine
>
benzene, 20 °C, 24 h O
427 nm blue LEDs (40 W) "By

H

from retinoic acid Hg 3a B
receptor agonist

;S/ ’ ‘ P h S/ ' ‘ \> ): />_<\

(S,R)-L1 (S,R)-L2 (S)-L3 (S)-L4

69% vyield, 28:1 r.r. 69% vyield, 22:1 r.r. 74% vyield, 15:1 r.r. 77% vyield, 18:1 r.r.
95% ee (3a) 83% ee (3a), 91% ee (3b) 77% ee (3a), 93% ee (3b) 65% ee (3a), 57% ee (3b)
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Optimization of Reaction Conditions

CO,Me

O\ O
N HA )]\/\ 0 i N
+ HO COZMe 10 mol% N|CI2'g|yme

13 mol% (S,R)-L1
1 mol% Ir[dF(CF3)ppy]o(dtbbpy)PFg
1.5 eq. DMDC, 1.5 eq. 2,6-lutidine

benzene, 20 °C, 24 h

""'ul\
O

-
v

17% ee (3a), -27% ee (3b)

66% ee (3a), 31% ee (3b)

17% ee (3a)

427 nm blue LEDs (40 W) By
L H 3 Hg
from retinoic acid B a
receptor agonist
N Bu ‘Bu N
Bu Bu
= =
N VY 7 \_ /"
N N N N \
> />—<\ j z —N N
‘Bu N N ‘Bu ‘Bu
Cy
(S)-L5 (S)-L6 (S)-L7
75% vyield, 12:1 r.r. 54% vyield, 15:1 r.r. 28% vyield, 24:1 r.r. L8

76% yield, 37:1 r.r.

17




Optimization of Reaction Conditions

COzMe
Ha )l\/\ i N
N ¢+ HO coMe 10 mol% NiCly-glyme

13 mol% (S,R)-L1 o 2
O 2 1 mol% Ir[dF(CF3)ppyl,(dtbbpy)PFg
1.5 eq. DMDC, 1.5 eq. 2,6-lutidine o
benzene, 20 °C, 24 h g O
"By 427 nm blue LEDs (40 W) "By
from retinoic acid Hg 3a fe
receptor agonist
Entry Variation from standard conditions Yield (%)  rr.(3a/3b) ee (%) (3a/3b)
1 none 69 28:1 95/-
2 NiBrz-glyme instead of NiCl,-glyme 19 1:1.7 92/73
3 NaHCOj; instead of 2,6-lutidine 58 24:1 85/-
4 'PrOAc instead of benzene 71 20:1 89/-
5 1.5 eq. of NaBr added 39 2.8:1 95/74
6 1.0 eq. of H,O added 69 39:1 93/-
7 under air in a capped 4-ml vial 70 27:1 95/-
8 No Ni, Ir, or light 0 - -
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Substrate Scope

Y i

"By

3a, 63% yield
95% ee, 28:1r.r.

ij COyMe
"
(0]

Ph O

6, 85% vyield
91% ee, > 20:1 r.r.

HO R

1.0 equiv

Intramolecular Selectivity

10 mol% NiCl,*glyme
13 mol% (S,R)-L1
1 mol% Ir[dF(CF3)ppylo(dtbbpy)PFg

4, 68% yield
96% ee, > 20:1 r.r.

0]
MCOzMe

N—Bz

7, 46% vyield
80% ee, > 20:1r.r.

1.5 eq. DMDC, 1.5 eq. 2,6-lutidine

benzene, 20 °C, 24 h
427 nm blue LEDs (40 W)

/
7
O

5, 60% yield
94% ee, > 20:1 r.r.

)

N\
Bz CO,Me

8, 44% vyield
84% ee, 16:1 r.1.
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Substrate Scope

Intramolecular Selectivity

10 mol% NiCl,y*glyme
13 mol% (S,R)-L1
1 mol% Ir[dF(CF3)ppyl,(dtbbpy)PFg
1.5 eq. DMDC, 1.5 eq. 2,6-lutidine

/ >\ ©)
W X
/g + HO R'

RZ" 0

3.0 equiv 1.0 equiv

{ 5 COzMe
N "lu\ .
0 10, 65% yield
94% ee, 17:1 r.1.
(o)
O/\”Bu

O CO,Me
0] 12, 51% yield
O 93% ee, 19:1 r.r.
H
N
\/\Et
(0]

Y

benzene, 20 °C, 24 h
427 nm blue LEDs (40 W)

11, 53% yield
89% ee, 15:1 r.r.

Ph

9, 63% vyield
89% ee, > 20:1r.r.
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Substrate Scope

Intermolecular Selectivity

P
: )\
;
‘h
. H

N
A +
RZ YO

3.0 equiv

CO,Me

|
Bz O

13
w/o additive:
73% yield, 97% ee

with an additive:
70-83% yield, 94-96% ee

additive
remaining:

0]

PN

HO R!

1.0 equiv

10 mol% NiCl,*glyme
13 mol% (S,R)-L1
1 mol% Ir[dF(CF3)ppylo(dtbbpy)PFg
1.5 eq. DMDC, 1.5 eq. 2,6-lutidine

benzene, 20 °C, 24 h
427 nm blue LEDs (40 W)

OMe

90%

92%
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Substrate Scope

R = CH,CH,CO,Me

N-Heterocycle C-H Nucleophiles

Ar

14, Ar = 4-MeOPh 69% yield, 97% ee
15, Ar = 4-CF3Ph 68% yield, 96% ee

18
64% yield, 95% ee

N
Ay
|/

16
75% yield, 97% ee

R\Q
|
') B

19

z

60% yield, 89% ee

17
68% yield, 85% ee

Bz
(0]

20
52% vyield, 80% ee

Ph
R R
o "
O pn © B
N
4 29 23, R' = Me 64% yield, > 99:1 dr
21 84% yield, 88% ee 24, R' = Ph 65% yield, 99:1 dr

62% yield, 90% ee O OPh 25, R' = CO,Me 71% yield, 99:1 dr

26, R'= CH,OTBDPS 55% yield, 99:1 dr




Substrate Scope

Alkyl and Aromatic Carboxylic Acids

Cl
|
o ’}l o Bz
Bz

32 33
68% vyield, 97% ee 72% yield, 97% ee

7] Cj
S
N \
(@) éz O Bz

35 36
46% vyield, 97% ee 83% vyield, 96% ee
37, R = Ac, 49% yield, 98% ee
38, R=F, 83% yield, 97% ee

R
Rw
39, R = Cl, 80% yield, 97% ee N
N
|
O Bz

39, R = OMe, 71% yield, 97% ee © Bz

34
60% vyield, 96% ee

Cl

41
68% vyield, 97% ee

27, R" = Me, 74% yield, 94% ee
28, R' = "Pr, 66% yield, 94% ee
29, R' = Bu, 73% vyield, 94% ee
30, R' = 'Pr, 58% yield, 87% ee
31, R' = Cy, 65% vyield, 83% ee
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Substrate Scope

Me

Ph
P“‘(K i ('l I
e} o l\{
o) Bz
Me

O Bz Me

From Lithocholic acid

From L-Menthol
54, 48% vyield, 96:4 dr

From Oxaprozin
46, 71% yield, 98:2 dr

42, 52% yield, 99% ee

From Retinoic acid receptor agonist
60, 57% vyield, 95% ee

w—Z

From (+)-Dehydroabietylamine
61, 36% vyield, 99:1 dr
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Substrate Scope

ji AcO @) OH /(_‘
Me 3
P TN
Ph i Qe ,...\\\H R
© 0 ‘ACS ° >
OH &g
z Ni Cl e
=
=
Paclitaxel Succinate
0) OH

o ‘J{O Taxol derivatives
N

E/Q /(D E’q\A\O

| ‘S?_ 'Tl | 5 ITI
Bz Bz Ph Bz
63, (S,R)-L: 60% vyield, 98:2 dr 65, (S,R)-L: 85% yield, 98:2 dr 67, (S,R)-L: 60% yield, 95:5 dr
[64, (R,S)-L: 58% yield, 2:98 dr] [66, (R,S)-L: 84% yield, 2:98 dr] [68, (R,S)-L: 58% yield, 5:95 dr] [70, (R,S)-L: 32% vyield, 7:93 dr]

69, (S,R)-L: 34% yield, 95:5 dr
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Gram Scale & lterative Coupling Sequence

H /(Nj @ @ MeO 2 C \\\‘\«'(Nj
s I
5 o

O
@)

Pr A~ (S)-5 P
HO CO,Me

59% yield, 94% ee

H with (R,S)-L2 1.71 g isolated H
readily scalable to 8.0 mmol

~.© 0 :
=
Br Ac )j\
HO Me
arylation acylation

§

MeO,C \/\”\\\“

N
(@] Ac (0]
T L ° ]
Me
npr

npr

71, (S)-L6: 48% yield, 92:8 dr 73, (S)-L3: 80% yield, 97:3 dr
[72, (R)-L6: 41% vyield, 8:92 dr] [74, (R)-L3: 81% yield, 2:98 dr]
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Mechanism Study

standard
conditions

CO,Me

as in Table 1, Entry 1
H

0
HO)I\/\COZMe
{ )
|

Bz

Entry Variation

NiCl,+glyme (none)
NiBryeglyme
Ni(COD),
Ni(COD),, 1.5 equiv of LiCl added
Ni(acac),
Ni(acac),, 1.5 equiv of LiCl added

D OB WN -

Results

73% yield, 97% ee
8% yield, 98% ee
2% yield, ee: ND
6% yield, ee: ND
28% yield, 89% ee
64% yield, 95% ee
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Mechanism Study

O
HO CO,Me based on COzMe CF,
standard conditions O O\/”\
> +
oy N Ph
SO w |
(1.0 equiv) z
N )\Ph Bz
B 13, 32% yield 75, 48% yield
97% ee 0% ee
0 10 mol% [Ir(II1)]PFg
[ ) 1.5 eq. 2,6-lutidine Ph
il Ph N ° > N
LnNi'_ | benzene, 20 °C, 24 h o |
Cl Bz 427 nm blue LEDs (40 W) Bz
1.0 equiv , 36
la (Ln ] L2) 15.0 equiv 22% vyield, 69% ee
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Proposed Mechanism

RE RA

NI
N//,,,“. Al EN/ I\C' Bz
= Ni Ni-Ni'"Ni"Ni'" D
N 'E\zl LnNi'Cl,
Z
I A \/
‘\( LMCT

@) OA Cr Ccr
)]\ or )\ LnNi"'Cl,
R NI/,,"'. | B

[ x|
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Summary

Site- and Enantioselective a-Acylation of Saturated Azacycles

O
O - o
O
= )I\/\
Et
HO CO,Me

+ DMDC (activator)

> R T —HRAEMNRIEFEREMARN oM BELR R ;
> RARRETFNINSRTEBERE, MWRoMC-HERAFIEFN;
> RARMPEANKERERE, U5 TAMESH. BTITEL.
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Writing Strategies

O The First Paragraph

The Importance of Chiral a-
Functionalized Azacycles

Prior Art for Enantioselective
a-Functionalization of
Saturated Azacycles

The Necessity of This Work

Chiral a-functionalized azacycles are commonly
found in pharmaceutical drugs, natural products, and

catalysts for asymmetric synthesis.

A particularly attractive approach to access enan-
tioenriched a-functionalized azacycles is metal-
catalyzed a-functionalization of readily available N-

heterocycles......

Although there have been a limited number of ex-
amples for...... A general strategy for the direct
enantioselective a-acylation of common saturated

azacycles has yet to be developed.
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Writing Strategies

O The Last Paragraph

In summary, we have developed a highly site- and
Summary of This Work enantioselective  a-acylation of saturated N-

heterocycles.

This general and modular approach exploits the HAT

_ . reactivity of photoeliminated chlorine radicals to
Elucidate the Highlights

selectively functionalize cyclic a-amino C(sp3)-H

bonds in the presence of benzylic, allylic, acyclic......

We anticipate that this new chlorine-radical-mediated

HAT strategy will serve as a general and practical
The Prospects of This Work _ _ _ _ o

platform for direct enantioselective a-functionalization

of saturated azacycles.
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Representative Examples

» The mild and scalable protocol requires no organometallic reagents,
displays excellent chemo-, site- and enantioselectivity, and is amenable to
(BHIX 5, Z5&-HKRIT) late-stage diversification.

» Finally, control experiments revealed that the nickel catalyst,
photocatalyst, and visible light are indispensable (ANRIE(ERAY; AATAID

#Y) for the acylation product formation.

> Although carboxylic acids are arguably (FJiguEHE ; #%IE) the most
operationally convenient and commercially abundant acyl surrogates (4£

#x; KKHEM), moisture sensitive......
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