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Introduction

A. Nucleophilic Addition of Alkynylmetal Species to Cyclic Iminium lons
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B. Typical Cyclic Iminium lons in Enantioselective Alkynylations
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Introduction

Addition of Alkynylmetal to Stabilized Cyclic Iminium lons

CuOTf (10 mol%)
(S,S)-Ph-PyBox (15 mol%)
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11-72% yield | PH Ph

R 5-74% ee (S,S)-Ph-PyBox

Li, C.-J. et al. Org. Lett. 2004, 6, 4997

(R)-5€e (6.0 mol%)
CuOAc (5.0 mol%)
(R,R)-Ph-PyBox (5.5 mol%)
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=——R?2
R1 DCM, 0 °C

79-95% ee

Maruoka, K. et al. Angew. Chem. Int. Ed. 2011, 50, 8952

6



Introduction

Addition of Alkynylmetal to Stabilized Cyclic Iminium lons
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Introduction

Addition of Alkynylmetal to Stabilized Cyclic Iminium lons
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Ma, D. et al. 3. Am. Chem. Soc. 2007, 129, 9300
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Aponick, A. et al. Angew. Chem. Int. Ed. 2015, 54, 15202
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Introduction

Addition of Alkynylmetal to Unstabilized Cyclic Iminium lons

B(C¢Fs)3 (10 mol%)
). 0 Cu(MeCN),PF¢ (10 mol%) ).
(S,S)-3,5-Me,CgH3-PyBox (10 mol%) ~_
+ >
N = OEt Ph,COH, 'BME, 60 °C N TScouEt
Ar Me;Si Ar 3
1 64-93% yield
66-94% ee
PhsC—H + 3
@
Me;Si—OH
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Wasa, M. et al. 3. Am. Chem. Soc. 2020, 142, 16493
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Introduction

Addition of Alkynylmetal to Unstabilized Cyclic Iminium lons
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Watson, M. P. et al. ACS Catal. 2020, 10, 13820
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Introduction

Photoinduced Copper-Catalyzed Asymmetric Coupling Strategy
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Cul (10 mol%)

‘Bu-BOPA (20 mol%)
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K3POy4, MeCN
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60-98% ee ‘Bu BU

Zhang, G. et al. Org. Lett. 2020, 22, 1490

Photoinduced Copper-Catalyzed Alkynylation of Remote C-H Bonds

Cul (15 mol%)

L1 (15 mol%) SiH P
> ~
Blue LED /\Mn/\o X N | X

K2CO3, MeCN R1

R X

30-72% yield L1

Zhang, G. et al. Chem. Sci. 2021, 12, 4836
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Project Synopsis

_ L P ), i Challenges
= Cull)Lq POAr : e«Efficient Generation of Radical Species

Enantioselective Radical Coupling Strategy

N — > o i R—==—Cu(l) E=-1.77 Vvs. SCE
O)\O :  2-iodobenzamide: E=-2.19V vs. SCE
: I +Enantioselective Control

R—=———Cu(IXL, E1,5-HAT +Inhibition of Side Products
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Optimization of Reaction Conditions

()

N

Cul (10 mol%), Additive (10 mol%)

' L1 (15 mol%), Cs,CO3 (2.0 equiv.)
O4l\I:i:] MeCN, rt, 16 h, Blue LED
=——Ph
1a

>

Z S ‘e, o, .,
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\
/g \Ph O H
Ph e)

2a
37% vyield, 34% ee

S'e
Ph L1 ph

A1, R = H, 88% yield, 44% ee

A2, R = Me, 83% yield, 43% ee
A3, R = Ph, 67% vyield, 39% ee
A4 R =

CeFs, 51% yield, 27% ee

A5, 69% yield, 26% ee

A6, 72% yield, 33% ee
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Optimization of Reaction Conditions

Cul (10 mol%), A1 (10 mol%) / \ OO
N Ligand (15 mol%), Cs,CO3 (2.0 equiv.) OH
>

|
N N
MeCN, rt, 16 h, Blue LED /K \\Ph OH
1a
N
H

@)
R1
o \i

! R! R2 L4, R"=CI,R?=H
L1,R'"=R?=H,R®=Ph | 82% yield, 55% ee
R" " 88% yield, 44% ee L5, R'=R2=Cl
L2, R"=H,R2=R*=Ph | N 81% vyield, 93% ee
N N/ o 50% yield, 7% ee L 0\ H /~o L6, R'=R2=F
)\< \) L3,R'=F,R?=H,R®=Ph : N N\) 84% yield, 80% ee
R 5 85%yield, 42%ee \\< L7,R' =R? = Br

Ph Ph 27% vield, 20% ee
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Substrate Scope

Aryl Alkynes
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Substrate Scope

Alkynes

4a, R = H, 62%, 90% ee
. 4b, R = 2-Me, 53%, 84% ee
'//, 4c, R = 2-OMe, 50%, 82% ee N oy,

/J% 4d, R = 3-OMe, 59%, 88% ee /K X _ N ""
4e, R = 4-OMe, 61%, 87% ee

Ph : A S /K
4f, R = 4-NMe,, 48%, 88% ee Ph™ 0 — Ph O

49
55%, 86% ee 64%, 84% ee
@j""'ll, N Ill,\ N Ill’\ (:(j "I/
N " R N
/K \\H’CI /g \ Ph o

Ph” Y0 3 Ph™ "0 Ph” Y0

4i 4]
57%, 80% ee 42%, 81% ee 56%, 88% ee 45%, 84% ee

Benzo-fused Cyclic Amines
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\Ph /g /J\ \ oh oy O
Ph O Ph (e} Ph 0 @)
4dm, R =F, 59%, 85% ee 4p, 56%, 84% ee 4q, 37%, 84% ee 4r, 50%, 75% eeP 4s, 54%, 81% ee

4n, R = Br, 48%, 85% ee
40, R = OMe, 53%, 82% ee

Reaction conditions: 3 (0.1 mmol), alkyne (0.2 mmol), Cul (10 mol%), Al (5.0 mol%), L1 (15 mol%), Cs,CO; (0.2
mmol) in toluene (0.1 M) at rt under Blue LED for 48 h. [b] Use L5 as Ligand.

16



Synthetic Applications

(o] Cl
Cl
< )"'o,,, LiAlH,4, AICI ( )"'W,, 1) proton sponge, DCE ..
N \ 40 3 o NN (Mp pong o ZNX\
/g Ph Et,0, 0 °C to rt ) pp  (2) MeOH, reflux N \\Ph
Ph” O Ph
2a, 93% ee 5, 87%, 92% ee 6, 43%
C(j " TBAF, THF, rt . d(PPh3),Cl,, Cul ' K
N™ 0 N o N
X X Et;N, THF, rt to 60 c
/g TMS CO,Me Ph
Ph” O Ph” O /©/ -
41, 84% ee 7,96%, 84% ee 8, 81%, 84% ee 2
CuTc, TsNy
Toluene, rt
/
/g N
Ts
9, 93%, 84% ee
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Mechanistic Investigation

A
©\/j L1 (1.0 equiv)
N | . Ph—— ¢ (R)-BINOL (0.5 equiv)
————Cu > K
Cs,CO5 (2.0 equiv) N
o Toluene, rt, Blue LED /K Ph
10 Ph O
(1.0 equiv)
3a 4a
(1.0 equiv) 58%, 90% ee
10 (10 mol%)
L1 (15 mol%)
R)-BINOL (5.0 mol%
3a +  Ph—=——H R (5.0 mol%)_ 4a
. ) Cs,CO5 (2.0 equiv)
(10 eC]UIV) (20 eqUIv) Toluene., rt. Blue LED 61%, 90% ee
B
Z S Ph————=Cu Ph————=Cu Ph————=Cu Ph————=Cu Ph—=—=—cu]"
N | + + + +
o BINOL L1 BINOL + L1 BINOL + L1
10 10-a 10-b 10-c
1a
E=-219V E =-2.04V E=-222V E =-2.80V E=-291V E=-3.18V
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Mechanistic Investigation

C

1, (99% D) Cul (10 mol%) D (>95% D)
L1 (15 mol%)
Nigi! N

(R)-BINOL (5.0 mol%)

+  Ph—== > %
o Cs,CO;5 (2.0 equiv) o Ph
Toluene, rt, 48 h, Blue LED
[ (>95% D) D

d-3a d-4a, 50%

+
d-3a o Cs,CO; (2.0 equiv) o Ph )\
Toluene, rt, 48 h, Blue LED 19 Ph

(>95% D) D

0.1 mmol 0.4 mmol d-4a, 47% 2a, 75%
1a

KIE Determined from Intermolecular Competition

Standard Conditions

3a + d-3a + Ph—=

Y

d-4a (30% D) KIE=2.33

4h
(1:1 mixture)
KIE Determined from Parallel Reactions
Standard Conditions ky
3a + Ph——= an - 4a «—
KIE = ky/kp = 2.83
Standard Conditions
d-3a + Ph——= - d-4a =—
4 h kp

Cul (10 mol%) >95% D
<N> | L1 (15 mol%) D (>95% D) H
- o, N
0.1 mmol o (RFBINOL (5.0 mol%) _ N - WS

Ph
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Mechanistic Investigation

D Cul (10 mol%)
L1 (15 mol%)
(R)-BINOL (5.0 mol%)
3a + Ph—= > > 4a
. . Cs,CO3 (2.0 equiv)
(1.0 equiv) (2.0 equiv) Toluene, rt, Blue LED trace
TEMPO or BHT (1.0 equiv)
E
Cul (10 mol%)
P BOPA (15 mol%)
N BINOL (5.0 mol%)
)\ N S Cs,CO5 (2.0 equiv) N
O | Toluene, rt, Blue LED /J\ Ph
_ Ph 0]
3a 4a
Entry BINOL BOPA Yield (%) Ee (%)

1 - (S)-L1 31 76

2 (R)-BINOL (S)-L1 62 90

3 (S)-BINOL (S)-L1 45 59

4 (R)-BINOL rac-L1 51 0

5 (S)-BINOL rac-L1 49 0
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Proposed Mechanism

Basy' W‘BINOL)
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Cu'X,
)
/ O\ ln
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I L S@ 1,5-HAT x
N / ’N
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Summary

.Z~~;_ N I ':::::\...‘ )
SOWMPNCE:
O Blue LED OH iy N
\
[Cu] OH /J% R
o® o
+
=R >60 examples

up to 82% yield

R)-BINOL
(R) up to 94% ee

#® The BOPA-coordinated copper acetylide complex served the dual role as a

photoredox and coupling catalyst;

4 BINOL improved the generation efficiency of the initial phenyl radical and

facilitated the stereoselective control.

22



The First Paragraph

Writing strategy

The importance of a-functionalized
chiral cyclic amines

The development of methods for
the a-functionalization of these nitrogen-
containing heterocyclic
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The First Paragraph

Partially or fully saturated a-functionalized chiral cyclic amines,
particularly tetrahydroquinolines and pyrrolidines are significant and
ubiquitous motifs in a broad range of natural products, pharmaceuticals,
and bioactive molecules. In addition, proline and its derivatives are widely
used as key intermediates or catalysts in synthetic chemistry and
asymmetric catalysis. Therefore, the development of efficient and highly
stereocontrolled methods for the a-functionalization of these nitrogen-
containing heterocyclic systems are of great importance, particularly
attractive approach entails the direct functionalization of an a-amino
C(sp?)-H bond.
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The Last Paragraph

Writing strategy

Summary of this work

The role of BOPA-coordinated copper
acetylide complex and BINOL

Further expectation

25



The Last Paragraph

In conclusion, with the cooperative effects of BINOL and the new 2-
chlorine substituted BOPA ligand, the longstanding challenge of the
enantioselective a-C(sp?®-H alkynylation of unactivated cyclic amines
was addressed using novel photoinduced copper catalysis via the
intramolecular 1,5-HAT of readily available 2-iodobenzamide. A broad
range of bio-relevant cyclic amines including pyrrolidines and benzocyclic

amines were found to be suitable substrates for this reaction.
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The Last Paragraph

The mechanism studies revealed that the BOPA-coordinated copper
acetylide complex served as a basic photosensitizer and coupling
catalyst, and BINOL sufficiently improved the generation efficiency of the
initial phenyl radical and facilitated the stereoselective control in the
asymmetric C-C bond formation step. Efforts to elucidate the reaction
mechanism similar to the exact role of BINOL will be made in the future,
and this novel strategy may be used to solve other challenging problems

iIn asymmetric catalysis.
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Representative Examples

copper-catalyzed remote alkynylation. (% f&)

previous success. (f&%; M---FIREEII)

this coupling reactions. (iEfh; £ =)

More recently, we advanced an approach for the visible-light promoted,

We selected phenylacetylene and readily available 1-aroyl-pyrrolidine

la as model substrates for optimization, drawing lessons from our

After identifying the optimal ligand, we assessed the other elements in
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