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Enantioconvergent Synthesis of Amides
via Radical Intermediates

(0]
5 Catalytic Cu'/ P / N* )j\ O
4 Q CsOPh-H,0 i DR MeO PAr Al A
/U\ hv (blue LED)

Racemic
1.2 equiv. Good yield
Good e.e.

aIkyI)\aIkyF H.N" R /'\ . MeO PAr / <
alkyl” “alkyl ‘ MeHN  NHMe

P N*

C-N bond formation

N\
< /CUX2
N

Enantioselectivity

Photoredox catalyst

P
< >Cu—OPh
p

Activation of C-Br

¢ C-N bond formation and control of
stereochemistry achieved in one process

¢ Two catalysts generatedin situ

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250.



Synthesis of Enantioenriched Amides

o 0 Failed
Classical alternative
approach: ). approach:
)Niz JOJ\ N-acylation HN & R N-alkylation X
2 rnone N LA A -
£ ¢ N :
alkyl aky! X~ "R alkyl /\alkyﬂ LN alkyl” alkyll  HoN
A Sn2;
no examples
Enantioenriched

*Both strategies require enantiopure

Expanding the scope by N-alkylation
via classical pathways (Sy1 or S\2) is
challenging.

substrates.

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250. 5



Limitations of Approach via N-alkylation

Scope (R = alkyl):
H
H%_ &
R
primary

X

% %
secondary tertiary
X XV

Side reactions of carbocation C:

R

A

R"®R
C

elimination to form an olefin,
hydride and alkyl rearrangements

Limited scope with respect to the nucleophile (NuQ ):

Deactivation by Brgnsted acid (H® ) or Lewis acid (LA) activators:

©

Nu—H or Nu—LA

Figure 2. Limitations of the Syl reaction.
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Figure 3. Limitations of the S\2 reaction.

R
R)r &
R
tertiary

X

+ Stereoselectivity problems: Sy1 reaction gives racemic products, and

S\2 reaction requires pure enantiomers as SM.

G. C. Fu, ACS Cent. Sci. 2017, 3 692.



Approach via Radical Intermediate

®
T+ 2T

x
ZJ—:I\
pi]

racemic

Nu~

(chiral catalyst) |

single
stereoisomer

l
#
R~\l——Nu

high ee,
high yield

H H
cat* : R>_R — R‘.E—cat*

(o) Failed
”\ alternative
b approach:
H':l%" R N-alkylation X 0
X = A
aIkyI/\aIkyF alkyl” aliyl!  HNT R
no examples
Enantioenriched

Transition-metal catalysis via radical
intermediates could enable

enantioconvergent reactions of racemic
halides.

G. C. Fu, ACS Cent. Sci. 2017, 3 692.
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Nitrogen fixation to ammonia (N2RR) and its reverse,
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catalysis (e.g., nitrogen fixation by nitrogenase enzymes),

and to develop new catalysts well suited to detailed
mechanistic studies in their own right. Our group
continues to discover fascinating iron and other metal
catalyst systems in this vein with sample rich mechanistic
landscapes that we continue to explore.

etc.

Jonas C. Peters

Caltech
(Professor of Chemistry)

https://jcpgroup.caltech.edu/research



Photoinduced C-N Ullmann Coupling

Cul (10 mol%)

) A )
(100-watt Hg lamp)

Ph—I Li—N » Ph-N

rt, 10 h
O 9

Using the light energy, the reaction proceeds under unusually
mild conditions (room temperature or even —40 °C).

J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647.



Classical Ullmann Coupling

General scheme of C—N

Two possible pathways for Ullmann C—N bond formation

Ullmann coupling

A B concerted
oxidative

addition
——

) H—NR; Ar—X
T NR, L,Cu—X e LhCu—NR; single-
HNR»> electron

transfer
R

(SET)

RoN
I
L,Cu—Ar

|
X

A
[L,Cu—NR,]®"
[Ar—X]®"

> Ar—NR,

Photoinduced C-N coupling was thought to proceed via SET pathway.

J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647. 11



Possible Pathway for Photoinduced C-N Coupling

x© [LaCu(NR,)]
Cul (10 mol%) NR,O hv
() i ()
(100-watt Hg lamp)

Ph—I  Li—N > Ph-N \
rt, 10 h [LnCu'X] [LnCu'(NRz)]
O MeCN O
Ar—NR, reductive SET Ar—X
elimination
L.CuMAr(NR,)|®x® |Lacu"NRy)|®x®
\_/ Ar.

J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647.



Effects of Changes in Reaction Parameters

10 mol% catalyst
Q hv
(100-watt Hg lamp)

)

Ph—I Li—N > Ph—N
1.2 equiv O room temp., 10 h O
CH3CN
Entry  Catalyst Conditions Yield (%)
1 1 Standard conditions 64 (52)
2 1 dark |
3 None Standard conditions 3
4 1 —40°C 45
5 1.5 mol% 1 Standard conditions 30
|6 Cul Standard conditions 65 (58)]
7 Cul dark <1

O Entry 2,3: Light and catalyst are
RsR necessary for the reaction to
Cu—N proceed.
RsP O Entry 6: Cul also serves as a
catalyst. (The reaction proceeds
1 (R = m-tol) likely via electron transfer from

a luminescent copper-
carbazolide complex generated

Yields of purified product ;o situ.)

are in parentheses.

Results of several experiments (X-band EPR spectrum/Cyclization in a
photoinduced condition/Stereochemical study) are consistent with the
pathway via radical intermediates.

J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647.



Confirmation of a Radical Pathway:
About X-band EPR Spectra

EPR is the observation of the resonance when unpaired electrons of a

paramagnetic substance absorbs the microwaves (especially on X-
band) during spin transition.

_ mg=112
: I
£O
o ‘  When the energy difference
2 corresponds to the energy of
IRILFE—E AE gu sHo‘ ‘h microwaves, electrons absorb the
x » energy of them.
S
g

H, 15

https://www.jaima.or.ip/ip/analytical/basic/magneticresonance/esr/
https://www.oceanochemistry.org/publications/TRIOC/PDF/trioc_2006 19 113.pdf
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Confirmation of a Radical Pathway:
X-band EPR Spectrum

reaction condition

Phl
hv
100-watt Hg lam
( glamp) SET - “®- - 1®-
O —40°C, 15min Photolysis Q
RsP. — > 2
R P.CU'N — —————> | L,Cu-N —_— LnCul  Culn,
3 O Magic Blue (0.3 eq.) Oxidation O
(R = m-tol) —1oe 7N\ ) ) ) )
_ @ detected?
Br Br

T T T T T T T T T
g I3 — 2nd derivative, Photolysis [
;" 1 /\ — 2nd derivative, Oxidation
§ t. 1st derivative, Photolysis
05+ /‘;:: ! 1st derivative, Oxidation H
N ,'/ ’}‘ 1‘

_’;! N L )},2:\‘ L9 ,j_’/f/ i |II —
— A\ |
Br Br Br Br e L

05+

VI
L !
S '/ |
- [sbetg] i |
1 4 ‘II
Magic Blue f% /
(one-electron oxidant) A5} V|

1 1 1 1 1 i} 1 1 1
2400 2600 2800 3000 3200 3400 3600 3800 4000
Field (G)

The same radical species can be generated by chemical and by photoinduced oxidation.
J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647.



Confirmation of a Radical Pathway:
Cyclization in a Photoinduced Condition

Radical 5 is known to cyclize

Cu complex 1

hy very rapidly
Q. i Q o Q\f [rate constant (k) = 9.6 X 10°
e ot e = . s~1 in dimethyl sulfoxide].
5
4
>l< [Cu]—NR; ! Consistent with a
............... : : radical pathway

LRGP Q i ; Q y Q
e O Q O Q{ O *This product can be generated via
| ! O o concerted oxidative addition of 4 to form

IR 7~ R0 an aryl-copper reagent, followed by syn-
insertion and reductive elimination.
— Needs further investigation

J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647.



Confirmation of a Radical Pathway:
Stereochemical Study

R3P\ Q (13 watt CFL)
QI D CuN
— 3 rt, MeCN
e Ty

(R = m-tol)
dati / Fully consistent
oxidative :
o : : h a radical
addition reductive with a radica
elimination ! X pathway

\
ot i

o o) N

— A0

J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647.



Substrate-Competition Study to Confirm
a Pathway Involving SET

o

. (100 watt
Rsp\ O 7 (5 equiv) Hg lamp)

24%
Cu—N
R P/ room temp
3 O NCO CH4CN
e
1 (R = m-tol) 8 (5 equiv) O
44%

— Consistent with a radical-based SET
pathway for C—N bond formation

idati SET
O);' d_atllve (reduction
addition potential)

-
O Br (-2.17 V)

O
no— Yo 4 ey

*reduction potential:
versus SCE in DMF

J. C. Peters, G. C. Fu et al. Science. 2012, 338, 647.



Expansion of Substrate Scope of
Photoinduced C—N Coupling

- Carbazoles + Alkyl halides

Cul (10 mol%) Cul (10 mol%)

() " &
hv
: (100-watt Hg lame) R1 (100-watt Hg lamp) O R1
N-Li Ph—I > N-Ph
MeCN N-H 1—< . - N—
1.2 eq. rt., 10 h ‘ = R2 LiOt-Bu (1.9 eq.) R2
’ \ MeCN
| 1.2 eq.
R R

0°C
J. C. Peters, G. C. Fu et al. Science. 2012, 338, 6417.

l & J. C. Peters, G. C. Fu et al Angew. Chem. Int. Ed. 2013, 52, 5129.
- Various nitrogen nucleophiles + Aryl halides
* Amides + Alkyl halides Cul (10 mol%)
2o X hv (254 nm) o X
0 R! Cul (10 mol%) O R ¥ [ N Ar—I - [ S
N X g hv (254 nm) _ RJLNJ\RZ N 1.4 LiOt-Bu F2 N
2 . H _ 1.4 eq. MeCN or Ar
2.0 eq. 2.0 LiOt-Bu an indole, MeCN/t-BuOH
X = Br. | MeCN/DMF bezimidazole, rt. 24 h
’ r.t. imidazole, X =CH. N
or carbazole ’

J. C. Peters, G. C. Fu et al /. Am. Chem. Soc. 2014, 136, 2162.
J. C. Peters, G. C. Fu et al /. Am. Chem. Soc. 2013, 135, 13107.



Expansion of Substrate Scope of
Photoinduced C—N Coupling

- Carbazoles + Alkyl halides

Cul (10 mol%)
hv
(100-watt Hg lamp)

N-Li Ph—I

Cul (10 mol%)
hv
(100-watt Hg lamp)

MeCN
r.t., 10h

oy G -

Varlous substrates were applied in

l the reaction with similar mechanism.
— The next challenge is

- Amides + Alkyl halide{ enantioconvergent reaction.

Cul (10 mol\7>7

1.2 eq.

®
v

J. C. Peters, G. C. Fu et al. Scien

1 i ] _
)O]\ i hv (254 nm) jf\ j‘\ AL Ar—I
R NH X7 R? > RN R H 1.4 eq.
2.0 eq. 2.0 LiOt-Bu H an indole,
X=Br,| MeCN/DMF bezimidazole,
r.t. imidazole,
or carbazole

J. C. Peters, G. C. Fu et al /. Am. Chem. Soc. 2014, 136, 2162.

LiOt-Bu (1.9 eq.)
MeCN
0°C

Angew. Chem. Int. Ed. 2013, 52 5129.

nucleophiles + Aryl halides

Cul (10 mol%)
hv (254 nm)

- L 1LY
1.4 LiOt-Bu v \
MeCN or Ar
MeCN/t-BuOH
rt.,, 24 h
X=CH, N

J. C. Peters, G. C. Fu et al. .. Am. Chem. Soc. 2013, 135, 13107.
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Enantioconvergent C—N Couplings from Carbazoles

i
1" N
’;'\ = ) ('\ I}
o) “ %  cat CuCl/(S)-L* 0 =
Cl i hv (blue LED) N
RZN)S( HN - : —> RN ) 4 \
R R = LiOt-Bu (1.5 equiv) R R \\X
. / toluene, —40 °C
racemic N \ high ee
1.2 equiv X good yield

* photochemistry and enantioselectivity
via a single transition metal (copper)
* enantioconvergent C—N cross-couplings
of racemic alkyl electrophiles
* high enantioselectivities with tertiary electrophiles

enantioselective

R process ®< Nu
PE—— > \:
TR ® R

single enantiomer

1:1
racemate single tertiary radical of product
J. C. Peters, G. C. Fu et al. Science. 2016, 351, 681.



Possible Reaction Pathway

CuCl (1.0 mol%) O X-
0 Q (S)—L* (1.2 mol%) " [L,Cu'Nu]
hv (blue LED
NJ»(CI 0 v (blue LED) NJ\<N Q & hv
Et Ph O LiOt-Bu (1.5 equiv) Et:‘ oh ligand o
(BESe ORI S NU™ =7 substitution excliation
1.2 equiv "standard conditions"
[L,CuX] D B [L,Cu'Nu]*
sosin electron
fal transfer
C
o R—X
Nu—R [L,Cu"Nu] X
R .
or
It is almost the same with the previous reactions. [L,Cu"(Nu)R] X

J. C. Peters, G. C. Fu et al. Science. 2016, 351, 681.

23



Effect of Changes in Reaction Parameters

CuCl (1 0 mol%)
(S)-L* (1.2 mol%
e LED High ee was achieved by adding the
Et Ph LiOt-Bu ( 15equuv Et Ph . . .

chiral ligand, thereby proving that a

racemic toluene, —40 °C
1.2 equiv "standard conditions" phosphine (L*) binds to a copper in
entry change from the "standard conditions" yield (%) ee (%) the presence Of the nUC|eOphI|eS
e which are also likely to bind to a
2 CuCl (0.25 mol%), (S)-L* (0.30 mol%) 77 95
3 noCuCl <1 - copper.
4 no hv <1 -
[5 no (S)-L* 3 0 | ]
6  added water (0.10 equiv) 83 %4 *They are taking advantage of the

photocatalyst, which doesn’t work
without phosphine binding to a copper

(entry 5).

J. C. Peters, G. C. Fu et al. Science. 2016, 351, 681. 24



Investigation of Kinetic Resolution

A

CuCl (1.0 mol%)
@) Q (S)-L* (1.2 mol%)
Cl hv blue LED)
N HN e
LiOt-Bu (1.5 equiv)
Et Ph O (3 B Et Ph

toluene, —40 °C
>99% ee, (+) or (-)
1.2 equiv unreacted electrophile product . . .
SiRealsl  [oh vl it The chiral Ilga_nd de_termlnes the
98%ee (-)  |96% yield, 93% ee absolute configuration of the

stereochemistry very effectively, and

o) . .
)l\<c| C-Cl bond cleavage is irreversible.
N~ 3
Q Et Ph
o)
> —
0 < JH,Et
N /N T
NJ)/C' Ph
Et Ph no racemization

J. C. Peters, G. C. Fu et al. Science. 2016, 351, 681. 25



Plausible Intermediate in the Catalytic Cycle

D
. e e %
%&C' <<R>—L*>2ctrwz e %‘&
Et Ph O toluene, —40 °C of \Et
92% ee

1 72% yield
Plausible intermediate (no hv: <1% yield)

racemic
1.2 equiv

Irradiation of complex 1 in the presence of
a racemic tertiary alkyl halide leads to C—-N
bond formation in good yield and with
enantioselectivity.

Plausible intermediate J. C. Peters, G. C. Fu et al. Science. 2016, 351, 681. 26



Substrate Scope

Electrophiles Nucleophiles
CuCl (1.0-5.0 mol%) . CuCl (1.0-5.0 mol%) FARN
Q (S)-L* (1.2—6.0 mol%) e " (S)-L* (1.2—6.0 mol%)
o hv (blue LED) /‘-\ R hv (blue LED)
Cl HN > > 74
R2N RoN”
R R! LiOt-Bu (1.5 eq.) R R! Et Ph - LiOt-Bu (1.5 eq.) Et Ph
. toluene, —40 °C A / toluene, —40 °C
racemic racemic
1.2 eq. 1.2 eq. X
Ph ” e Et Ph Et Ph Et Ph
77% yield, 94% ee 90% yield, 87% ee 73% yield, 95% ee 95% yield, 92% ee 79% yield, 92% ee 86% yield, 88% ee

J. C. Peters, G. C. Fu et al. Science. 2016, 351, 681. 27



Short Summary

 Enantioconvergent C—N couplings were attained.

« Substrates are limited to carbazoles and indoles (since visible light is
used for irradiation).

e U

” N "
O “ 3 cat CuCl/(S)-L* 0o =
ol : hv (blue LED) N
RzN)S( HN . — RN XY\
R R = LiOt-Bu (1.5 equiv) R R \\X
. / toluene, —40 °C
racemic N\ \ high ee
1.2 equiv X good yield

« Expansion of the nucleophile scope requires new strategy.

J. C. Peters, G. C. Fu et al. Science. 2016, 351, 681.
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Expanding Nucleophile Scope by Designing a Ligand

1.0 mol% L1
0 R 10 mol% CuBr 0O R
hv (blue LED)
ROJ\NHQ B 2 . e
, base H
e DME, rt.  one-step synthesis
alkyl bromide - of a carbamoylated amine
t-Bu t-Bu
O P(i-Pr), O /P(i—Pr)2
NH N_Ciul
O P(i-Pr), O P(i-Pr),
t-Bu | +Bu i
oL new photoredox catalyst

This reaction can be applied
not only to carbazoles and
indoles but also to
carbamates.

*Not enantioconvergent

J. C. Peters, G. C. Fu etal J. Am. Chem. Soc. 2017, 139, 18101. 30



Selective Mono-Alkylation of a Primary Carbamate

10 mol% Cul

o M O Me
M )i/Bn wesinm | .8 O)J\N/‘\/ il
~ t+Bu
+BuO”~ NHy Br 2.0 equiv LiOt-Bu H
2.0 equiv CH3;CN/DMF 44%
E

cf. J. C. Peters, G. C. Fu et al. . Am. Chem. Soc. 2014, 136, 2162.

- Inefficiency of the alkylation
- Need for high-energy ultraviolet irradiation
- Use of an excess of the electrophile

— To enhance the reactivity under a mild condition, using visible
light (though the substrate is limited so far) may be effective.

J. C. Peters, G. C. Fu etal /. Am. Chem. Soc. 2017, 139, 18101.



Limitations on Substrates in Previous Approach

Using Visible Light

X-
[L,,Cu'Nu]
// A hv
_ ligand o
Nu substitution excitation
[L,Cu'X] D B [L,Cu'Nu)*
AR electron
/¥ g transfer
C
R—Nu [L,Cu""Nu] X R—=X
R-

The photophysical properties of the
copper-nucleophile complex are
dependent on the structure of the
nucleophile (only carbazoles and
indoles are applicable so far).

2a: PR3 = P(m-tol)3

O 2b: PR, =
PR3

*Example of the complexes that can
absorb relatively long-wavelength lights

J. C. Peters, G. C. Fu etal /. Am. Chem. Soc. 2017, 139, 18101. 32



Solution: Development of a Photocatalyst

Bond formation Radical generation
xr X‘ P R i
[L,Cu'Nu] \ \
Sz // o 1D
_ ligand - Nu~ ligand A p electron R—X
N substitution el Ll substitution transfer
G P \ "
: T : electron \ ..
[L,Cu'X] D B [L,Cu'Nu] [L,CuX] D transfer F | Cu-N
£ 4
coupling ?rlsrcygfzc coupling C P\ \ excitation
é R—Nu [L,Cu"Nu]X Cu'-N
R—Nu [L,Cu"Nu] X =X p/ i hv
R- R.

Two different types of copper catalysts would be generated in situ:
1. Catalyst (E) that serves as a photoredox catalyst < designed this time
2. Catalyst (A) that facilitates the bond formation

J. C. Peters, G. C. Fu etal J. Am. Chem. Soc. 2017, 139, 18101. 33




Design of a New Photocatalyst

2a: PR3 = P(m-tol);
2b: PR3 =

‘ , *Catalysts such as 2a (2012
4 P(R?)2

Science) and 2b (2016 Science)
can react to form C-N bonds

5 P(R?, upon irradiation with relatively
8

: long-wavelength light.

— Linking these ligands, they made a copper complex which
- is stable to ligand substitution

- can serve as an effective photocatalyst which works upon

exposure to visible light independent of the nucleophile.

J. C. Peters, G. C. Fu etal /. Am. Chem. Soc. 2017, 139, 18101.



Estimation of the Reduction Potential
of the Excited State: The Method

Cu(l)* A
0 \ A A
00. ) reduction potential
E™: estimated of the excited state A ﬁ‘
from excitation and E*( o Jcat¥)
emission spectra EQ E’;,ca ij,

Y Cu(ll) Eoo |Eao cat'*
¢ ~—— estimated from E.,

Cu(l) cyclic voltammogram or

v v E,/5(cat**/cat cat

1 catis an excited |

e . state reductant if
The transition energy between the lowest | E* cat/cat < 0 |

energy vibrational state (v=0)of S;to | | eeeeeeeeew
v =0 of So

D. A. Nicewicz et al. Chem. Rev. 2016, 716, 10075.
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— =N

Estimation of the Reduction Potential
of the Excited State: Estimation of E%°

M6 IRIF—EAERR-EH

E% is normally estimated at the intersection
between normalized symmetrical absorbance
and emission spectra.

Wavelength (nm)

In this case, E? seems to have
been estimated from the
fluorescence maximum: 400 nm

1
1
EFREEIREE S, 1 ..
D IIESHER /\ 1 T ! 12 r —Emission at 420 nm
/\' -3 : —— Excitation at 360 nm
/ S 0—1 10 i 1
/ V=2 AT NIV 0-0 HHEANTNIL 1
o 300000 1 _,Z‘
l ‘ \ 1 1 : g
DD LA - | 5} 0.8
(BhiE2) | 3t ! c
DEFEHH % 200000 | : -6 Ak
\ = - §
\ ¥ v,=4 ! ©
y V,=3 100000 [ 1 E 04
\ / ' ®)
\ Vo=2 ! z
/ Vo=1 ! 02
1
§¥§ER'§E SO \‘v“: 0 D.<2)80.0 300.0 350.0 400.0 450.0 480.0 :
RE / nm | 0 1 1 L 1
1
¢ I 250 300 350 400 450
BT Mk M7 PYRStEY(VIONFYVER) DR -#EIRINL !
1
1
1
1
1
1
I
1
1
1
1
1
1

— corresponds to 3.1 eV

https://www.an.shimadzu.co.jp/sites/an.shimadzu.co.jp/files/ckeditor/uv/support/lib/uvtalk/pdf/vol17.pdf

J. C. Peters, G. C. Fu et al J. Am. Chem. Soc. 2017, 139, 18101.

D. A. Nicewicz et al. Chem. Rev. 2016, 116, 10075. 30



Estimation of the Reduction Potential
of the Excited State: Estimated Results

-Bu

_)
O P(-Pr;

N—Cu'

\
O P(i-Pr),

t-Bu
1 (76%)

-06 -03 0 0.3 0.6 0.9 1.2 1.5
Potential (V) vs. SCE

Cyclic voltammogram of copper complex 1 in
THF (100 mV/s scan rate; 0.1 M in TBAPF6)

A cyclic voltammogram shows a reversible
wave at ~0.6 V (vs. SCE).

cu(l)* .
E%: 3.1 eV oV
Y cu(ll)
y 0.6V ¢
Ccu(l)
E%: 3.1 eV

Ground-state redox couple : ~0.6 V
Predicted reduction potential :
—2.5V (vs. SCE) = -2.6 V (complex 2a)

J. C. Peters, G. C. Fu etal /. Am. Chem. Soc. 2017, 139, 18101.



Stern-Volmer Luminescence Quenching

14
_ _ . _ 1 T )
t-Bu * t-Bu e
12 | o
/P(i-Pr)2 /P(i-Pr)z L
N-Cu! N-Cu' Br =11 | L

electron transfer

\ . \ [ y =0.014x + 1.01
O P(i-Pr)2 > O P(i-Pr); 1 & R? = 0.9839
- - - - 09 |

08 L 1 L 1 J
Bn . Bn
Br)\/ K/ 0 5 10 15 20 25

[2-Bromo-4-phenylbutane] (mM)

The quenching of the emission at 427 nm was confirmed.
— The excited state of the designed photocatalyst is capable of
reducing the alkyl bromide.

J. C. Peters, G. C. Fu etal /. Am. Chem. Soc. 2017, 139, 18101.



The Role of the Designed Photocatalyst

1 mol% complex 1 t-Bu
X mol% CuBr O Me O P(i-Pr)
Q Me hv (blue LED) LA en [
/lL )\/Bn > +-BuO N N—C\u
t+BuO™ NH, Br 3.0 equiv LiOt-Bu H O P(i-Pr),
3.0 equiv DME, r.t. x =0: 33% yield 5
X =9:96% yield ! 1 (76%)
X- p :
[L,Cu'Nu] { C/u"—N ]x \\
Excess CuBr — Copper complex 1 may be R, & et | e i
serving the typical role of photoredox catalysts el o G F ,:\:\N ;
and not directly involved in the key bond- e’ T 4
forming process. coupling  © |\ exatation
gp R=Nu ? [L,Cu"Nu]X &D\l T
P/—/ hv

R.

J. C. Peters, G. C. Fu etal J. Am. Chem. Soc. 2017, 139, 18101. 39



Radical Cyclization Experiment

1.0 mol% L1
10 mol% CuBr
hv (blue LED) MQ
p— : BocHN
BocNH, Br 3.0 equiv LiOt-Bu
DME, r.t. Me

3.0 equiv Me

64% yield
4:1 cis/trans

The same stereoselectivity with the
cyclization of the secondary alkyl radical

J. C. Peters, G. C. Fu et al. .. Am. Chem. Soc. 2017, 139, 18101.

The rate constant of the cyclization of alkyl
radical: 1.0 X 10° s™1

< Typical rates of diffusion: more than 108 s~
— Consistent with the proposed mechanism
showing that after radical being generated, it
diffuses before coupling

> o P\ R-
[L,,Cu'Nu] Cu'™N [X
Nu~ ligand A p/ o electron R—X
substitution transfer
G P L
; electron \ \
[L.CuX] D transfer F | Cu'-N
£ i
coupling c P\ 7\ excitation
R—Nu [L,Cu"NulX C/Ju'—N
hv
P/ '
R-
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Substrate Scope

Carbamates

L1 (1.0 mol%)
CuBr (10 mol%)

o Me hv (blue LED) O Me
ROJ\NHZ Br)\/Bn _ 0 NJ\/Bn
LiOt-Bu (3.0 eq.) H
3.0 eq. DME, rt.
O Me O Me Me
MeOJ\NJ\/Bn t-BuOJLHJ\/ Bn o)J\N)\/Bn
90% yield 87% yield 74% yield

Electrophiles

L1 (1.0 mol%)
CuBr (10 mol%)

)R\1 hv (blue LED) R?
BocNH,

B 2 BocHN 2
r R LiOt-Bu (3.0 eq.) oc R
3.0 eq. DME, rt.

Me Me /O
BocHNJ\/ \(j\ BocHN)\/ ~OTBS BocHN
Z OMe

81% yield 72% yield 81% yield

J. C. Peters, G. C. Fu etal /. Am. Chem. Soc. 2017, 139, 18101. 41



Short Summary

* By designing a ligand, nucleophile scope were expanded to
carbamates other than carbazoles and indoles.

* The newly designed photocatalyst can work independently as a
photocatalyst, and basically does not participate in bond forming
process.

-Bu -Bu
1.0 mol% L1 . O oir
) R? 10 mol% CuBr O R O P(-Pr), / (FPr)2
hv (blue LED) NH N—Cu!
RO)J\NHQ Br)\Rz - RO/U\N)\R2 \
. base H O P(i-Pr), P(I—Pf)2
unact/?ted DME, r.t. one-step synthesis
soLancaly of a carbamoylated amine t-Bu | t+Bu |
alkvl bromide L1

new photoredox catalyst

 Enantioselective reaction with expanded scope may be attained by
developing a new strategy which includes a chiral catalyst.

J. C. Peters, G. C. Fu etal /. Am. Chem. Soc. 2017, 139, 18101.
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4. Enantioconvergent C—N couplings independent of nucleophiles by
using 3 ligands



Enantioconvergent Reaction
with Expanded Scope by Using 3 Ligands

o 0
- Catalytic Cu'/P / N*
j\ CsOPh-H,0 HNT SR MeO PAr Al A
hv (blue LED "
alkyl” Dalkyl' H,NT R L ) > /k . Meo PAr,
alkyl alky! MeHN NHMe

Racemic

1.2 equiv. Good yield

Good e.e.

P N*

C-N bond formation

N\
< /CUX2
N

Enantioselectivity

Photoredox catalyst

p
( >Cu —OPh
P

Activation of C-Br

¢ C-N bond formation and control of
stereochemistry achieved in one process

¢ Two catalysts generatedin situ

They succeeded in developing an enantioconvergent reaction
which is independent of the nucleophiles by using 3 ligands: a
bisphosphine, a phenoxide and a chiral diamine.

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250.
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Possible Catalytic Cycle

Activation of Enantioselective
the C-Br bond C-N bond formation
P. N
AN AN .
Re ] — R —amidate
< /Cu (OPh)X ( /Cu X
P N
D G
R—Br R
R L ]
P *
\C |—OPh \ N
. 7 < /Cu”X(amidate)
c N
F
Br—R
Yy X~
hv
P. N
Nen Nt
/Cu —OPh /Cu Xs
P X = Br, OPh or amidate N Amidate™
B E

Photoredox catalyst

The reaction mechanism is similar to that of a previous reaction
(cf. p.32, 2017 JACS).

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250.
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Investigation of Possible Photocatalysts

Possible photocatalysts: The electrophile is consumed in the absence of diamine N1*
but not in the absence of bisphosphine P. - PCul(OPh) and PCul(amidate)

o [l i S (Thcn
M
0 “>Cu-OPh MeO Cu—NH
MeO MeO

ArAr O A,-Ar

Ar = (3,5- d| t-butyl)-Ph Ar = (3,5-di-t-butyl)-Ph

To compare these two,
- Estimated excited-state reduction potentials
- Excited-state lifetime measurement
- Stern-Volmer luminescence quenching

were investigated.
J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250.



Results of the Investigation of Possible
Photocatalysts (PCu'/(OPh) or PCu'(amidate))

™ beul (0P PCu(amidato)

Estimated excited-state

reduction potential* (vs Fc*/Fc) Bk =S
Excited-state lifetime 4.6 ps 2.4 ps
measurement
Stern-Volmer constant 189 M1 25.2 M1

*The estimated reduction potential of the representative electrophiles: —2.3 V and —2.4 V (vs Fc*/Fc)

These results point to PCu'/(OPh) complex as the more likely photocatalyst
under the reaction condition.

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250. A7



Investigation of the Reaction where Two Catalytic
Cycles Intersect (D&G—B&E)

Two plausible mechanisms

vation o ectivg 1 -
C-Br bond " formation CUII(OPh)X
P
. N\ 1 1 —amidate
R ( P/Cu (OPh)X < N>Cu o R —amidat A / \
; ) R AN | I
R—Br & : /Cu -X Cu X,
N N

F>\C I—oOPh ’ "
o ' —Ok! (N _Cu'X(amidate) G E

Br—R
X ; ‘ N //‘ * 2. ligand exchange
Seii— Neutx, I | —
(p oo (N/c x - < cu'(OPh)X / \> < Cu'—OPh
B E

otoredox catalyst D

< Cu'-X < Cu"X2
N N

G E

> < Cu'—OPh

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250.



1. SET Mechanism:
Prediction of Redox Potentials

P. N

\Cu"(OPh)X Ncul—x

o / Activation of Enantioselective
P N the C-Br bond C-N bond formation

D G

N AN
Cul/cut R < P/Cu"(OPh)X < N/Cul_x R —amidate
X =0Ph: 1.3V (calc.) X =0Ph: -0.6 V (calc.) D G
X=Br:1.2V (calc.) X = amidate: 0.6 V (calc.) B e
—br
R

P
. - . [ ( >Cu'—OPh l <N>Cu"X(amidate)
— Consistent with SET mechanism B ) .
\ Br—R /
Y X
P, SET P " P "
\ \ \ ul_ N u"
< /Cu"(OPh)X /\> < /Cu'—OPh (P/C O b OPh o amidate CN/C Xe rorate-
P D P B Photoredgx catalyst =
N\ N\
I I
< /Cu X < /Cu X5
N N
G E

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250. 49



2. Ligand Exchange Mechanism:
EPR Studies

Magic Blue

(1.0 equiv.)
PCuOPh N2* NaOPh >
1 1 10 e Mo 1
r.t.,, 2 min
CuCl, N2 NaOPh > A\
i & 2 pragiiad (N2")Cu(OPh),
-5 °C, 5 min
CuBr, N2 NaOPh \ = U

2iMe-THF,

(N2)*Cu(OPh)Br

~

-51°C, 2 min
,-—\/n”}‘
Catalysed/coupling (Fig. 3,33),4h |——~—"""+"" \V\ ES—
V
2,700 2,900 3,100 3,300 3,500
Magnetic field (G)
one-electron ligand
oxidation P\ exchange N\
> < cu'(OPh), /> cu'(OPh),
/ /
/ \ P N
“+ .

J

— Consistent with rapid ligand
exchange (P — N2*) upon oxidation
of Cu' to Cu"

ligand exchange
< Cu"(OPh)X / \> < Cu'—OPh
D
Neyl- I
< /Cu X < /Cu X5
N N
G E

1. SET
2. Ligand exchange
— Either or both of these are operative.

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250. 50



Substrate Scope (Amides)

F5;C CF;
CU(CH3CN)4PF6 (12 mol%) (o)
(rac)-P (5 mol%), N4* (15 mol%) Jj\ MeO PAr,
Br (o) hv (blue LED) HN™ 'R MeO PAr /
OEt OEt 2
s gl O MeHN  NHMe
o CsOPh+H,0 (1.5 eq.) o)
] C32C03 (15 eq.)o (rac)-P N1*
(i-Pr)20, -20 to -5 °C Ar = (3,5-di-t-butyl)phenyl
i i X
HN N HN AN\ HN™ Me
OEt ‘\(l OEt J\[\/ OEt
Etosﬁ/\/'\Et AN, EtO\ﬁ/\/LEt S EtO\ﬁ/\/LEt
o o o
95% yield, 93% ee 76% yield, 90% ee 62% yield, 91% ee Lithocolic acid derivative

(R,R)-N1*: 78% vyield, 93:7 d.r.
[(S,S)-N1*: 73% yield, 5:95 d.r.]

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250. 51



A Strategy to Differentiate Between Two Similar
Substituents

o)
Br 0 Cu(CHACN)4PF¢ (12 mol%)
DG \Cj)\ (rac)-P (5 mol%), N* (15 mol%) HN MeO PAr,
72 "R HoN hv (blue LED) o \”/L s s
Racemic - CsOPh-H,0 (1.5 equiv.) 7> R CF3

1.2 equiv. 3 Cs,CO; (1.5 equiv.) MeHN NHMe MeHN NHMe
(i-Pr)20, —10 or -5 °C (rac) A

Ar = (3,5-di-t-butyl)phenyl

A Lewis-basic functional group of the alkyl halide provides a two-
point interaction between the substrate and the chiral catalyst.

— Other than phosphonate, an amide, ester, ketone, sulfone,
sulfonamide and phosphine oxide can work as well.

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250.



Substrate scope (Alkyl halides)

CsOPh¢H,0 (1.5 eq.) MeHN NHMe MeHN NHMe

F3;C CF;
Cu(CH3;CN)4PFg (12 mol%) o)
(rac)-P (5 mol%), N* (15 mol%) MeO PAr, @
Br (0] hv (blue LED) HN MeO PAr, A A
DG » DG 7 /
CF

3 . CSZCO3 (1 .5 eq.)o (rac)-P N1* N2*
(i-Pr);0,-10 or -5 °C Ar = (3,5-di-t-butyl)phenyl
(o) 4 \ (o) (o) (o) (o)
OEt HNJ\Ar1 = HNJJ\Ar1 HNJ\Ar1 HNJ\Ar1 HNJ\Ar1
ECO. Ve ASLN Ve B0, . t-Bu\"/\/LEt P .
(o) (o) (o) (o)
Phosphonate Amide Ester Ketone Sulfone
96% yield, 92% ee 85% yield, 89% ee 76% yield, 87% ee 82% yield, 92% ee 62% yield, 92% ee

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250. 53



Short Summary

b 0
o : Catalytic Cu'/ P /N* )j\
CsOPh-H,O R MeO PAr, Arl Ar'

HN z
alkyl” alkyl! HZNJ\R 2y (blue LELHIE 2 /'\ MeO PAr,
alkyl alkyl’ ‘ MeHN NHMe
Racemic
1.2 equiv. Good yield
Good e.e.

P N*

C-N bond formation

N\
< /CUX2
N

Enantioselectivity

Photoredox catalyst

P
Ne
< /Cu—OPh
P

Activation of C-Br

¢ C-N bond formation and control of
stereochemistry achieved in one process

* Two catalysts generatedin situ

Enantioselective reaction with expanded scope was attained by
exploiting three ligands.

J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250.

54



Table of Contents

5. Summary and perspective



Summary

Copper-catalyzed
photoinduced C-N coupling

' Glantioconvergent, \

. nucleophile-independent
C-N coupling by using 3
ligands

Photoredox catalyst
N

P
< /Cu —OPh
P

Activation of C-Br

Enantioconvergent reaction
(restrictions on nucleophiles)

C-N bond formation

N\
< /CUX2
N

Enantioselectivity

4 N
Nucleophile-independent

reaction by designing a
new photocatalyst

N J

/

— J. C. Peters, G. C. Fu et al. Nature. 2021, 596, 250. 56




Perspective

« Expansion of substrate scope cat. Cul/BINOL

) i _ R? hv (blue LED) R?
« Other N-nucleophiles (e.g. aliphatic  RrnH; I_<n1 R————— RNH—(
. . R
amines) 15equiv CHaCN/DMF,~10°C
The bond-formation step which N(+Bu)
determines the stereochemistry BTPP: P(pyrrolidinyl)s

R, R! R = alkyl

may be challenging.
J. C. Peters, G. C. Fu etal J Am. Chem. Soc. 2017, 139 17707.

 Tertiary alkyl halides

O (0
Substrates which have electron- J X H,N__OR® 1 N oR
withdrawing groups (such as R ”;2(,?3 T R iZRJOf
those used in 2016 Science) may ...

— A new way to synthesize
unnatural amino acids

be applied.



