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C(sp?-N Bond Formation

Buchwald-Hartwig reaction

©\Br H2N/© redox neutral ©\ /©

aryl halide N-nucleophile

=z

Ulimann coupling

@
©\Br H2N© redox neutral ©\ O

aryl halide N-nucleophile

Iz

Chan-Evans-Lam coupling

@
©\B(OH)Z HZN/© net oxidation ©\ /©

aryl boronic acid N-nucleophile

=

Buchwald, S. L. et al., Chem. Rev. 2016, 116, 12564.
Beletskaya, 1. P. et al., Organometallics 2012, 31, 7753.



C(sp3-N Bond Formation: Other Classic Methods

Classic Sy1 or Sy2 nucleophilic substitution

alkyl halide N-nucleophile

Reductive amination

7 Q.

ketone amine

MacMillan, D. W. C. et al., J. Am. Chem. Soc. 2006, 128, 84
Chiba, S. et al., ACS Catal. 2017, 7, 4697.

base, heat

3

reductant, pH = 5-7

Q
99

Overalkylation
Elimination
harsh conditions

Sensitive to sterically
bulky- substrates



C(sp3-N Bond Formation: Other Transition Metal

Hydroamination of olefins

Q ¢ Ir, Rh, Pd... Q H Q
RN+ N i RJN\,H " R)\’N\

olefin amine Markovnikov anti-Markovnikov
addition addition

Nitrene insertion of C-H bond

), Rh, Phi(OAc), ),
” e ’ Q
Alkanes Nitrene precursor
Me Me Ar Me Me Ar
Pho_~_L TR =~ pho~ X, -

Br N Ar N Ar
78%

Hartwig, J. F. et al., J. Am. Chem. Soc. 2014, 136, 3200.
Hull, K. L. et al., J. Am. Chem. Soc. 2015, 137, 13748.
Gaunt, M. J. et al., Chem. Rev. 2020, 120, 2613.
Hartwig, J. F. et al., ACS Cent. Sci. 2016, 2, 647.



-C'oipper-catalyzed Intermolecular Coupling of N-nucleophiles and C(sp3) Partners
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inspiration of Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

PRy 13 W CFL 2 N
N-Cu >
PR, MeCN, r.t. 0 O
§ 0

-+

Q'
)

i

no observed 41% yield
13W CFL C-N fomatlon
< %@ PR;
radical cyclization N Cu-—1
N Cu Y E’R3
aryl radical R = m-tol alkyl radical R = m-tol
L,Cu-NRR'
/\ — n — /\ ]
Alkyl” X - 3 - Alkyl” “NRR
Alky!

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



Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

N-alkylation of carbazoles

O _ 10 mol% Cul O --
NH L '\) 1.9 equiv. LiOt-Bu N—< h
O <_/ 100 W Hg lamp O -

MeCN, 0 °C

1.9 equiv.

QA N Qs
@ O f ~

61% 59% 80% 61%

Alkyl bromide as electrophile

Ph 10 mol% Cul O Ph
_(—/ 1.5 equiv. LiOf-Bu _(—/
NH -+ Br 100 W Hg lamp X

O Me MeCN, 30 °C O e
1.5 equiv.

Fu, G. C.; Peters, J. C. et al., Angew. Chem. Int. Ed. 2013, 52, 5129.
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Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

Mechanistic studies

_ - . I
O Q 1.9 equiv. O/ O
Li(MeCN),* I ARSI I MeON. 0°C i N_<:>

no light: 0%
Complex A with Hg lamp: 68%

O 10 mol% catalyst O

1.9 equiv. LiOt-Bu

" - O

Hg lamp
MeCN, 0 °C O

O 1.9 equiv.

10 mol% Cul: 74%
10 mol% A: 81%

Fu, G. C.; Peters, J. C. et al., Angew. Chem. Int. Ed. 2013, 52, 5129. i 11



Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

One possible catalytic cycle

t-BuOH + Lil i O -
O Li* N—Cu'—N
LiOt-Bu NH O ght
» : A

Cc

5

Fu, G. C.; Peters, J. C. et al., Angew. Chem. Int. Ed. 2013, 52, 5129. C 12

O
QO

O
O




Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

Enantioselective alkylation with tertiary alkyl chlorides

A 1 -5 mol% CuCl
, o Y/ 1.2 - 6 mol% (S)-L*
R< Cl + HN >
N 1 1.5 equiv. LiOt-Bu
RS R R blue LEDs
toluene, -40 °C

racemic
1.2 equiv.

o O

O 5 /Me
{ % A { %N | { %N&N
N);(Et )Ekt(Pr% O‘Me O

95%, 92%ee 79%, 92%ee 84%, 98%ee

. U
Q);(Ph Me@“""’

74%, 90%ee 73%, 95%ee

<

Fu, G. C.; Peters, J. C. et al., Science 2016, 351, 681.
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Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

Mechanistic studies

1 -5 mol% CuCl
0 1.2 - 6 mol% (S)-L* .
cl * HN L g
N 1.5 equiv. LiOt-Bu )K(N
=AY O blue LEDs N™ %
toluene, -40 °C Et Ph

>99% ee, (R) or (S)

o
1.2 equiv. SHOED
unreacted electrophile product
98% ee (S) 95%, 98% ee
98% ee (R) 96%, 98% ee
0 I blue LED O
% ue S
Q/N&CI + ((RyL7)Cu=N toluene, -40 °C 0 N
Et’ Ph O N)k( Q
Et Ph
racemic Complex 1 927‘50/<an
1.2 equiv. 1.0 equiv. °

(no hv: < 1% yield)

(0] O catalyst 0 O
ci * KN L g
N)S( 1.5 equiv. LiOt-Bu J\(N
; I & Ph O blue LEDs % I Q
toluene, -40 °C Et Ph

1 mol% CuCl
1.2 mol% L*:

95%, ee 95%

1 mol% Complex 1: 92%, ee 94%
Fu, G. C.; Peters, J. C. et al., Science 2016, 351, 681.




Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

A possible pathway

ligand
exchange
Nu-

[L,Cu'X]

coupling

Nu-

[L,Cu'Nu]
A

C
[L,Cu"'Nu]X

or

[L,Cu"(Nu)R]X

hv

excitation

[L,Cu'NuJ*

electron
transfer

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

48



Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

N-alkylation of amides

10 mol% Cul 0 SN
O -, 2.0 equiv. LiOt-Bu )iy J\ .
)J\ + Br4< > - R™ N 7
R™ "NH, ! hv (254 nm) N
. MeCN/DMF, rt
2.0 equiv.
0] OBOC O )n;Pr o /O
N e t-BuO.__O
O)J\H O)J\H n-Pr \[(])/ \(v)s)J\”
90% 65% 89%
2 O WO
\_g H 7 o |
72% 83% 90%
10 mol% Cul 0 Me
O Me 2.0 equiv. LiOt-Bu
+ > )J\ Bn
t-BuO”  NH; Br)\/Bn hv (254 nm) 2L ”)\/
MeCN/DMF, rt
44%

Fu, G. C.; Peters, J. C. et al., J. Am. Chem. Soc. 2014, 136, 2162.
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Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

N-alkylation of carbamates

t-Bu
1.0 mol% Ligand
o R 170 rr;?l% EEJ[B)r 0O R P(-Pr)2
M + A v(Blue L RO)J\N)\RZ Al
RO™ "NH, Br~ "R2 3.0 equiv. LiOt-Bu H o(ip
3.0 equiv. DME, rt up to 91% (i-Pr);
t-Bu
Ligand
X Re
| P/\
[L,Cu'Nu] “culN| X R-X
Nu- ligand A R
exchange G transfer
electron P/\
[LnCu'X] D transfer “Cu'-N
P\/
R-Nu S AL excitation
[L,Cu"Nu]x Cu -N

Re C

Fu, G. C.; Peters, J. C. et al., J. Am. Chem. Soc. 2017, 139, 18101.
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Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

N-alkylation of carbamates

t-Bu
1.0 mol% Ligand
i R wiwereny  § § e
TN T e ————  Ro” N7 OR? NH
2 Br™ R 3.0 equiv. LiOt-Bu H _
3.0 equiv. DME, rt P(i-Pr)2
el Ligand
Me Me
Me
BocHN BocHN
BocHN OTBS
OMe F

81%

BocHN :

81%

BocHN
74%°2

a: Hg lamp irradated.

70%

BocHN
88%

72%

BocHNO

81%

Fu, G. C.; Peters, J. C. et al., J. Am. Chem. Soc. 2017, 139, 18101.
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Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

5.0 mol% Cul
10 mol% rac-BINOL
R’ hv (blue LED) R OH

RNH
I A 2.0 equiv.BTPP A

IR _ RHNTOR? OH
aliphatic amines CH3;CN/DME, -10 °C
24 h
rac-BINOL
Ph
| _\—\
Ph._~_NH, + _>TM9 -~ HN
Me Me 2.0 equiv. BTPP Me
15equiv.  CHaCN/DMF, - 10°C Mé Me
conditions yield
-10 °C <1%
100 °C 4%
10 mol% Cul, 20 mol% rac-BINOL 70%
hv (blue LED), -10 °C
10 mol% Cul, 20 mol% rac-BINOL,100 °C 4%

Fu, G. C.; Peters, J. C. et al., J. Am. Chem. Soc. 2017, 139, 17707.
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Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

1.0 equiv. TEMPO
5 mol% Cul
10 mol% rac-BINOL
hv (blue LED)

Ph _~_NHz + ICy
2.0 equiv. BTTP
1.5 equiv. CH3CN/DMF, - 10°C
A possible pathway

[L,Cu'(OAr)]
E

ligand
ArO” exchange
[L,Cu'X]
|
R—-NHR coupling
Re

[L,Cu'(NHR)]X ligand
H exchange

base

ArOC «——— ArOH H,NR

H
Ph\/\/N\Cy + TEMO-Cy

<1% 51%

hv

excitation

[L,Cu'(OAnN]*
F

electron R-X
transfer

Re

[L,Cu'(OAN]X
G

Fu, G. C.; Peters, J. C. et al., J. Am. Chem. Soc. 2017, 139, 17707.
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Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

Alkylation by secondary alkyl iodides in the absence of light

10 mol% Cu-Mes

o _
HN 20% (R)-L*
R\N | + —
) 1-2 equiv. Cs,CO;3
1.2 X

m-xylene, r.t.

racemic
1.5 equiv.

Nucleophilic substitution by copper

O
SN [Cu'l-Nu
oxidative
ligand addition
@N exchange (Sn2)
u
o) T”
[Cu']-X Ph\\fi7/{cdﬁx

reductive
elimination

Fu, G. C. et al., J. Am. Chem.

O —
R\Nh §>\\N e P_Ph
)1,2
X

(R)-L*
Nucleophilic substitution by nitrogen
[Cu']-Nu
ligand
exchange Sn2
[Cu']-X

Soc. 2019, 141, 14864.



Copper-Catalyzed C(sp®)-N Bond Formation using Alkyl Halides

0 Me
0 Me 10 mol% Cu-Mes =
— 20 mol% (S)-L* Ph~y N
Ph\N\b/l + HN . >
1.5 equiv. Cs,CO;

m-xylene, r.t.
racemic
1.5 equiv.
o) (0]
100 1 @ yield of product Ph- | |® Ph~ wl
90 1 e ee of electrophile N N b
80 1
| L]
< 70 . (R)-L*),Cu—Nu
< 60 1 ~ i
g 50 1 Y
S 44 ¢ faster slower
) L
2307 e e l l
> 20 1,° n °
10 ® °
3 I NS UE R 1] 0 2
0 10 20 30 40 50 60 Ph~y Nu Ph~\ +Nu
time (h)

o) Me O —
— Ph- ‘N
Ph~p |+ N - N ?
(R)-L"):Cu dg-toluene, r.t.
15 min

racemic Complex A 94%, 87% ee
2.0 equiv.

Fu, G. C. etal., J. Am. Chem. Soc. 2019, 141, 14864.
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Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

Seminal report from Prof. John Hartwig
2.5 mol% Cul

H jJ)\ 2.5 mol% (MeO),phen H R
O/ * H,N® R 2.0 equiv. tBuO-OtBu O \([)]/

PhH, 100 °C, 24 h

C-H nucleophile
10 equiv.
@) 0] O
NH X NH G,)J\NH )OJ\ 0]
2 2 2
cl | _N \_s Me™ NH; t—BuO)J\NHz
82% 84% 47% 38% 75%
0
o. .0 o) O o. .0
N N\
S< S, .Me
NH Me N
e O e o O
Me / Me
O
55% 75% 46% <10% 30%

Hartwig, J. F. etal., J. Am. Chem. Soc. 2014, 136, 2555.



Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

C-H nucleophile scope

2.5 mol% Cul
/?H )OJ\ 2.5 mol% (MeO),phen Ph
S ,@ ¥ HoN™  "Ph 2.0 equiv. tBuO-OtBu O \[O]/

- 0-CgHsCl, 100 °C, 36 h

ZT

T\

C-H nucleophile

10-17 equiv.
substrate product isolated yield
Me—<:>"'Me _<:\> Me—<:>""/ > 10:1or.r.
NHCOPh
NHCOPh

NHCOPh
Me Me Me 54%
Me Me 2:1rr
Me M rr
Me ©
f f 81%
NHCOPh >10:1d.r.

Hartwig, J. F. etal., J. Am. Chem. Soc. 2014, 136, 2555.



Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

Mechanistic studies: using preformed copper(l) and copper(ll) complexes

2.5 mol% catalyst

H X
+ HN 2.0 equiv. tBuO-OtBu= N N
° Me”
MeCN, 100 °C 24 h

o} O o)
2.5 mol% (phen)Cul(phth) 80% 20%
2.5 mol% (phen)Cu'(phth), 54% 13%

@)
2.0 equiv. tBuO-OfBu

(phen)Cu'(phth) + HN 1 100G 05T > (phen)Cu''(phth),

o 86%
1.5 geuiv.
Formation of the N-Me side product: B-scission of tBuO- radical
o} o I
4\ [-scission (phen)Cu'(phth),
Mes
Me MeMe _ Mezoo Me/N
0]

Hartwig, J. F. etal., J. Am. Chem. Soc. 2014, 136, 2555.
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Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

Radical trapping experiments:

o] H 2.5 mol% [(phen),Cu][Cu(NHCOPh),]
P O’ (tBuOH)
Ph™ "NH, 2.0 equiv tBuO-OtBu

PhH, 100 °C, 18 h

3 equiv.

j\ O,H 2.5 mol% [(phen),Cul[Cu(NHCOPh),] O,Br
+
Ph™  "NH; 2.0 equiv CBry

2.0 equiv tBuO-OfBu

10 equiv. single product

10 equiv. R 0
q PhH, 100 °C, 18 h 90%
Proposed mechanism
(@]
(@) HN;\:|©
N (phen)Cu'(phth) © Buo-oBu
(0] tBuO-OtBu
- tBuOH
reductive
elimination {BUO"
phth
phen\c':um phth

phth phen—Cfl"
“phth
HAT | turnover-limiting

\%@ S

-

Hartwig, J. F. etal., J. Am. Chem. Soc. 2014, 136, 2555.

gy



Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

5 mol% Cu(AcO),
10 mol% dtbbpy

' 2 equiv. (-BuO), NRR RNHR' = amides, sulfamides,
+ RNHR > indoles, azoles, imines...
CH3CN, /v (385 nm)

N,, 25 °C, 12 h

Pproposed mechanism

t-BuO-[Cu'X,

t-BuO- ligand t-BuOH
exhcange
, ) tBuootBy  PMMH
[CuTX XCu'(phth) =<—  +
Y [Cu"X,
0]
N
O/ O  reductive
elimination ﬁ)hth
x—cu'" H t-BuOOt-Bu
) G4
~— t-BuO’

Konig, B. et al., ACS Catal. 2020, 10, 8582—8589.



Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

2 x 5 mol% Cu(OTf),

H
0.0 5 mol% 1,10-phenanthroline
PN R2 g > PN
O + TUNTR! -
. H tBuOOAc, 4 A MS o
gl DCE, 60 °C,6 h Sy

3.0 equiv.
@)
W //O W_0O vw_0O
HN-S HN-SC HN-SO o
CF3 |
Y
OMe
60% 70% 67%
Ph
o 0
P%Y% < O’
N/ “ph I\l?/ll Ph N ~Ph
Me EtOZC © H
o 56%
iz S0z >95% r.r.

Powell, D. A. et al., Org. Lett., 2006, 8, 6031. i 29



Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

Benzylic and allylic C-H amination

H R.. _Ar Cl Cl
1.0 mol% Cu'(NacNac) N
Ir;?\l . R\N,Ar 1.2 equiv. tBuO-OtBu F’//A\| N N
ls o L M ¢
Me Me

Sy- H 90 °C, 24 h S
H-NacNac
[Cul]
t-BuOOt-Bu
R-NR'R"
Re 47—§ ‘Ot—BU
HOt-Bu R-H
[Cu']-NR'R" [Cu'1-Ot-Bu

ligand exchange

HOt-Bu H-NR'R"

Warren, T. H. et al., Angew. Chem. Int. Ed. 2010, 49, 8850.
Warren, T. H. et al., Angew. Chem. Int. Ed. 2012, 51, 6488.
Warren, T. H. et al., J. Am. Chem. Soc. 2014, 136, 10930.

I~dp



Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

Benzylic C-H amination

0
10 mol% CuCl g Me,
R2 j\ 12 mol% diimine HN™ “OR ﬁ/k(
1 \)
R ‘@A + H,N~ “OR NFSI (2 equiv.) R1{>)\R2 3/

2.0 equiv 60 °C, 24 h, Ar t—Bu

diimine

(X
NHCO,Et 0 N~ O
)—Ph
cO T o
AcO NHCO,Et PhO
51% 84% 43%
Me. _ NHCO,Bn
Me._ NHCO,i-Pr Me._ NHCO,CH,CCl;
Et
69% 62% 60%

Landais, Y. et al., Chem. Commun., 2020, 56, 13013. )



Copper-Catalyzed C(sp°)-N Bond Formation using C-H Nucleophiles

Proposed mechanism

Cu'X
. L
)N\HCOZR }/
AR Cu'XL
n
H
Ar)\R
R
' — 1
R'O,CHN—-Cu"'L NHR,
Ar” "R
E X (F)
HF or HX Ar)\R-
u(lll) pathway
\
X=Cu'lL
)(J)\ Ar)\R' radical-polar
H,N~ “OR' D

crossover pathway l
X

Landais, Y. et al., Chem. Commun., 2020, 56, 13013.

3



Copper-Catalyzed C(5p°)-N Bond Formation using C-H Nucleophiles

C(sp®)-H Bonds with Cyclic Alkylamines

0
‘/ \‘. R1
+ RS _R* Cu(OAC),/0, R2 N |
N N H o\
| N’R? S
(AQ) 4

H DMSO, 130 °C, 2 h
3.0 eqiv. 2o
1 2 3
R', RZ = alkyl
HX %
Cu C-H activation
OAc

N HOAc
H | complexation
Nx

H
Cu(OAc),
O
OAc
: &c N |
Cu'--Ng
OAc ath b
P n\__,
X N
o ™)
N,AQ 5

Cul H
OAc

cu' ﬁ Cu(OAC),/0,

@

parh a

ok ()

Qin, J. et al., Chem. Eur. J. 2016, 22, 16057.

e
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A

sp3-C partner N-nucleophile

Y

Coupling partners

3 3 3

Others
Z:COOR

alkyl halide C-H nucleophile

34



Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

Decarboxylative sp® C-N coupling

Ir cat. —
XN hv Y
rRcooH + | _L_ X \ 7
Y N
H = RN 7
N,
"o-Q
S |
(0]
QCOCy -Mesl| @@
OH — N -
Mesl(OAc), Mes”™ ~OCOCy -CO,
6 7 8 -CyCOy 9
No purification Alkyl radical
SET
r|| |||
XL CU -Nu reductant photocatalyst
Alkyl radlcal
P /
\ / OX|dant
XL, CUIII L, Cu -Nu

&vcc
s

MacMillan, D. W. C. et al., Nature 2018, 559, 83.
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Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

\ PFG-

— -Bu =
NN a) Mesl(OAc), without purification Y\ / }\1
rRecooH + | L X Ccu—Te
Y ” b) 1 mol% Ir, 20 mol% CuTC, N ~ N”
30 mol% BPhen, BTMG R P
blue LED, dioxane, r.t., 1 h t-Bu

Primary acids: Secondary acids:

%\H,N\ 2~cl N, Z~c
2 N 3 N =N =N = =N
64% 80% NYEt N N N
Et U UBOC
61% 85% 60% 67%
O,NPh EtO,C
2 \H;N\N/ cl 2 %N\N/ cl
50% 80% Tertiary acids:
AL
_l\i N n-pentyl _ N COsMe
Cl c” N c” N
74% 72% 80%

MacMillan, D. W. C. et al., Nature 2018, 559, 83. 36



Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

Scope of nitrogen nucleophiles:

CO,Me Fs

Cl Ac EO.C C

B
o R s TR
b ' b b b

81% 89% 58% 98%
e e 120D 80
sholsaagicon Q@
H H
Br F (0]
55% 59% 79% 61%
NBoc
o} QCOZH o} BocN%COZH 0
WN’H Mes|(OAc), (premixed) WN’H Mesl(OAc), (premixed) WN
| > | > |
N H No exogenous base N H 2 equiv. BTTP N H
H hv, Ir cat., Cu cat. O hv, Ir cat., Cu cat. O
88% 51%

(80% gram scale)

MacMillan, D. W. C. et al., Nature 2018, 559, 83. L 37



Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

Compare classic Sy2 and Sy1 reaction with this protocol

N 7 conditions
H

2 equiv. base

A\ SN2 or SN1
>—Br . N —
7 conditions
2 equiv. base

N

Iz

H
MeOZC&COOH + Mesl(OAc), -
hv, Ir cat., Cu cat

30 min

N

[>—COOH + Mesl(OAc), o

hv, Ir cat., Cu cat.
30 min

No reaction

No reaction

ot
N™ ¢

60%, >20:1 r.r.

>N
N™ ¢

44%, >20:1 r.r.

MacMillan, D. W. C. et al., Nature 2018, 559, 83.
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Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

Decarboxylative C(sp®)-N cross-coupling

O OMe
0 Ru cat. H o)
CuBr (20 mol%) / Ligand (7.5 mol%) or CuCl (20 mol% 1
N\O)J\/R'] + R3_NH2 ( O) g ( 0) ( 0) Rs/NYR E;[N)H(OH
d R2 Ets;N, MeCN, RT, blue LEDs R? H

OMe 0]
Ligand
Anilines:
OMe H H <\O
H N H
F5C N
SACHECACIACACERA SO e
F
95% 90% 84% 76%
H N H 0 y
OO0 SENCAS N
X Z MeO,C O
TMS
41% 32% 96% 90%
Other nitrogen nucleophiles:
H O
o e 0p ) 0
T U ;
= N
48% 43% 36% 33%

Hu, X. et al., Nat Catal. 2018, 1, 120 . il 39



Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

Decarboxylative C(sp®)-N cross-coupling

O o Ru cat. H OMOe
CuBr (20 mol%) / L (7.5 mol%) or CuCl (20 mol% 1
N R R DR TR E TR, et @Jﬁ(
R2
0 R2 Et;N, MeCN, RT, blue LEDs OMe H o
Ligand

Primary acids:

OMe OMe OMe OMe _
@/NMD @/NMj @/NMj @/NM
Ph Br MeO,C

75% 40% 41% 31%

Secondary acids:

oe &Y Fa

71% 76% 82%
|l:ll\rMe HYBU HYPr
©/ Me ©/ Et ©/ Me
CF3 CF3 CF3
37% 60% 56%

Hu, X. et al., Nat Catal. 2018, 1, 120 .
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Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

Decarboxylative C(sp®)-N cross-coupling

@)
(0]
N\OJ\(W + R3-NH,
(0] R2

Ru cat.
CuBr (20 mol%) / L (7.5 mol%) or CuCl (20 mol%)

EtsN, MeCN, RT, blue LEDs

OMe

H o)
N R’
R? N
H
e
oM o)

Ligand
Natural products and drugs:
N™ X
Ru cat. | =
0 H,N CuBr, Ly “
\©\ Et,N, MeCN S N
CF RT, blue LEDs, 12I’1 BocN . N ’O/ \©\
One step yield: 75% 3 = CF
=

Hu, X. et al., Nat Catal. 2018, 1, 120 .

T. cruzi CYP51 inhibitor . -
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Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

Proposed mechanism:

N
Ar” R
oo e
NHAr |
y "
i ArNH,
base
)(J)\ NHAr |
AO R R_éull ArNH-Cu
pPC™ I I
O _
)J\ Fragmentation g,
R
AO -CO,, -A"

Ir=z

Et3N, MeCN, RT, blue LEDs, 12 h OMe

O 5 NH 3.0 equiv. TEMPO H O'V'g
N + 2 Rucat. (1.0 mol%) CuBr (20 mol%) / L5 (7.5 mol%) N + N
. OO | e
SARARE

1.0 equiv. 2.0 equiv. no detected 57%

Hu, X. et al., Nat Catal. 2018, 1, 120 . i 42



Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

£ NH H OMe
& . 2 Rucat. (1.0 mol%) CuBr (20 mol%) / L5 (7.5 mol%) N , Br )
0 - ©/ O \O J\H/OH
Et;N, MeCN, RT, blue LEDs, 12 h H
OMe (0]
1.0 equiv. 2.0 equiv. 94% trace

(2 h ,8% GC yield) (2 h ,trace GC yield)

s 0] OMe
% Ru cat. (1.0 mol%) CuBr (20 mol%) / L3 (7.5 mol%) BFO 0]
o OH
o J\O EtsN, MeCN, RT, blue LEDs, 12 h ”J\ﬂ/
OMe ' O
1.0 equiv. 12%
(2h,1.4% GC yield)

@) o N
Ru cat. (1 mol%), Et;N (3 equiv) | N
N + L Cu'-8-aminoquinoline
5 MeCN (0.1 M), rt, blue LEDs, 12 h

1.0 equiv.

11% (without ligand)
10% (with ligand)

@) N
u cat. (1 mol%), EtsN (3 equiv.) N
N\O + [L,Cu'-8-aminoquinoline] -
5 MeCN (0.1 M), rt, blue LEDs, 12 h

1.0 equiv.

in sit 41% (without ligand)
fn sty 46% (with ligand)
N
7 W
Cu(CH3CN),PFg +
NH,

Hu, X. et al., Nat Catal. 2018, 1, 120 . i 43



Copper-Catalyzed C(sp®)-N Bond Formation using Carboxylic Acids

5 1 mol% Ir cat. NH
0 20 mol% Cu(MeCN),PFg
n. L +  HNCAn > R==NCAr; | HNCAr,= O O
"0” R Base, solvent, RT, blue LEDs
© CF3 CFs

Proposed mechanism:

Ar\r/N\R

Ar
s e
NCAr; |
iy Rl o
base Ar
pPC* SET
)OJ\ NCAr; |
AO R R_éu” Al’zCN-CU
PC™ I I
o) -
)J\ Fragmentaton g,
R -
A -COy, -A”

Hu, X. et al., Angew. Chem. Int. Ed. 2018, 57, 9501.
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: -C'oipper-catalyzed Intermolecular Coupling of N-nucleophiles and C(sp3) Partners

I i

sp3-C partner N-nucleophile

Coupling partners

Z
X H
Others

alkyl halide C-H nucleophile Z: B(OR),

s



-Cbbper—Catalyzed C(sp®)-N Bond Formation using Alkyl Boronic Acid Derivatives

Amine alkylations with primary alkyl boronic acid derivatives

] ) 5.0 mol% Cu(OAc), R
R/\Bpin + R‘N’R 2.0 equiv. t-BuO-Ot-Bu RTN

H toluene, 50 - 100 °C, 24 h R2
1.1 - 1.5 equiv.

©/\N'Me /©/\N'Me NC/\/\/\N,Me

99 % 57 % 51 %
.Me
() o0 C) i
N O %
v :
OMe
78% 45% 65%

Sueki, S. et al., Org. Lett. 2013, 15, 1544.
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'C.(")’pper-Catalyzed C(sp®)-N Bond Formation using Alkyl Boronic Acid Derivatives

Amine alkylations with primary alkyl boronic acid derivatives

5.0 mol% Cu(OAc),

1 2 : _R!
R > Bpin  + R 20equiv. £BuO-O+Bu RN
H toluene, 50 - 100 °C, 24 h R2
1.1 - 1.5 equiv.

Proposed mechanism

oo H-NR'R?
R-NR'R Cu''X,

X = OAc or Ot-Bu

reductive ligand

S H-X
elimination exchange

(t-BuO),

R-Cu"-NR'R2 X-Cu"-NR'R2
B A

transmetalation

X-Bpin R-Bpin

Sueki, S. et al., Org. Lett. 2013, 15, 1544.



-Cbbper—Catalyzed C(sp®-N Formation Bond using Alkyl Boronic Acid Derivatives

Amide alkylations with secondary alkyl boronic acid derivatives

o~ 10 mol% Cu(OAc),
O 3
oo+ S
NH, g

10 mol% NacNac
1.1 equiv. NaOTMS

Bpin I
2 3.0 -BuO-Ot-Bu OM:)\%MGOMG
4 AMS, t-BuOH
75°C, 24 h NacNac
0 OMe O Me
o)
s A
/ N
OFEt

56%

Watson, D. A. et al., Chem.

O EtO,C
Ph N
N Bn
Et

65% 68%

Eur. J. 2016, 22, 15654. i 48



: -C'oipper-catalyzed Intermolecular Coupling of N-nucleophiles and C(sp3) Partners

I i

sp3-C partner N-nucleophile

Coupling partners

3 3 3

Others
Z: OR

alkyl halide C-H nucleophile

a9



Copper-Catalyzed C(sp®)-N Bond Formation using Alcohol Derivatives

Alkylation with alkylsilyl peroxides

?L
R" “NH,
Ph _Me 5 mol% Cul 0 H

R 5 mol% phen
or A<O—O\ o p ! R1JJ\N/R or R1~©/
™S PhH, 50-80 °C H

NH,
€7

+

0 /O) O )'V'\e 0 NN Me
Ph)J\ Ph)l\” Me Ph/\)J\N/\Me E:r

T

98% 94% 97% 68%

Sakamoto, R. et al., Chem. Eur. J. 2017, 23, 9030. . g



Copper-Catalyzed C(sp®)-N Bond Formation using Alcohol Derivatives

Proposed mechanism

Ph Me
ﬁ\ R
RTONE 07
H TMS
(phen)Cu'-X
C-N formation SET RPhA<Me
R: c
O
X 0 B-scission
/ X
h ! h L
phemcu'C (pren)cul o
H R
ligand exchange
I
TMSOH
R" “NH,

Sakamoto, R. et al., Chem. Eur. J. 2017, 23, 9030.
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Cu

FreView

PreView

PreView

appendix

CB71181110
Mesitylcopper(l)
RER [
CYH11Cu

TRT32-01-3
Mol file

CB4469959

BTPP

(T ESE) = (R B
C16H33N4P

31243

161118-67-8

Mal file

@\‘(D“Gu
s

0

FPreView

>(”‘Yl“‘
AN

FreView

CB83340444
BTTP

BTTP
C20H34N100
430.55036
1341215-17-5
Mol file

CB4323572
CUTC
= -2- gl
CEH3Cu023
190.69
12592766-17-6
Mol file

CB5464951

BTMG

2-Ff1 TE-1,13,3-INHEM

COHZ1N3

171.28

259166-72-1

Mol file
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appendix

N )
e C;? oA

Qo

aryl radical

O
no observed 41% yield
O PR3
radical cyclization N—Cu—l
9.6x10° ! PRs
@)
alkyl radical R = m-tol

)

(-2.03 V for 8; -2.17 V for 7 versus SCE in DMF)

Creutz, S. E.; Lotito, K. J.; Fu, G. C.; Peters, J. C. Science. 2012, 338, 647. ‘, E‘(\If’ R “ﬁfi\—h
[

.ﬂ\ 2/
1 S e



appendix

1.0 equiv. n-BuNH-H

10 mol% Cul
PhOH +  IAr (73 i) PhO-Ar + n-BuNH-Ar
1.0 equiv. DBU
1.0 equiv. 1.2 equiv. 0.5 equiv.KOt-Bu 6% 53%
CH3CN, r.t.
Ar = m-tolyl
5.0 mol% Cul
; 10 mol% rac-BINOL .
R lue LED R
RNH, + )\ hv (blue ) OH
I R2 2.0 equiv.BTPP RHN” “R2 OH
aliphatic amines CH3;CN/DME, -10 °C OO
24 h
rac-BINOL
A possible pathway
[L,Cu'(OAr)]
X E
hv
ligand excitation
ArO” exchange
[L,Cu'X] [L,Cu'(OAN)]*
1 F
R-NHR coupling electron R-X
transfer
R.
Re
[L,Cu"(NHR)]X ligand [L,Cu'(OAr)X
H exchange G
A0 <25 AOH  H,NR

Fu, G. C.; Peters, J.

C.etal., J. Am. Chem. Soc. 2017, 139, 17707.



appendix

Quenching experiments

Excitation wavelength: 385 nm, entrance slit: 10 nm, exit slit: 10 nm.

1.2x10°- 8.0x10°-
——1.8x 10> M DTBP —3.6X 1[]":3 M DTBP

= 2
= s — c
2 6.0x10°- £ 4.0x10°-
B Z
£ =

3.0x10°- 2 0x10° -

DD T T T T T 1 DD T T T L T 1
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fluorescence spectra of Cu(AcO), (1 x 103 M) and Fluorescence spectra of Cul (1.65 x 10* M) and

dtbbpy (2 x 10> M) in CH;CN with different amount ~ dtbbpy (3.3 x 10 M) in CH,;CN with different
of DTBP. amount of DTBP.

Konig, B. et al., ACS Catal. 2020, 10, 8582—8589. ; 59



appendix

385 nm Av
CH,CN  + t-BuOOt-Bu ~ NC_~(n
Ny, 25°C, 12 h
0.4 mmol 86% GC yield
conversion: 90% based on DTBP
X 385 h O
O/\ +  tBuOOt-Bu nm v
CH3CN, N, 25 °C, 12 h
0.2 mmol 2.0 equiv. o
o .
100% conversion other isomers
observed in GC-MS
Mechanism
(0]

hv -

tBuOOt-Bu —— > tBuO* ~— = Mer

. radical-radical

Radical trapping with TEMPO

o

5 mol% Cu(AcO), N~

10 mol% dtbbpy H

(o) 2 equiv. (t-BuO), 0 0
2 equiv. TEMPO 34% 5%
NH, * >
CH3CN, Av (385 nm) O
No, 25°C, 12 h

20%

Konig, B. et al., ACS Catal. 2020, 10, 8582—8589.
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appendix

\J \ F‘L (a) LCu(AcO), \/ o
pagee | |/ "V
Cu(AcO); + dtbbpy — >0 s |"| [
385-390 nm LED l.r
e T W T
DTBP
LCu(A
O |
2 ' X N
. ’—/\"‘f\- _.-" \ .1:|||
L b a o \J \ f || II/-—
phthalimide (©) LCu(Aco), —NPTEP (2 phthalimide | /
Cul + dtbbpy —D1BP 385-390 nm LED dark N
Nz, rt, 10 h Ny, 25°C,10h Ny rt,12h i
385-390 nm LED W
- KO'Bu
| (d) LCu(AcO); + phthalimide Ny 1t, 6

L | 1 1 | |
260 280 300 320 340 360 380 : : ! 1 L
260 280 300 320 340

Ma‘!nganitm-ﬁe-ld_{‘mT}’ Magnetic field (mT)
t
1) KOBu cyclohexane O
Ns, rt, 6 h
LCu(AcO), + phthalimide ——— DTBP M_Q
0.04 mmol 2) filtration  385-380 nm LED
L Nz, 25°C, 12 h o 3
L = dtbbpy NMR yisid
22% (based on phthalimide)
0% (in dark)

Konig, B. et al., ACS Catal. 2020, 10, 8582—8589.
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appendix

X 9a X=Br

CuCl-L1, CBCly 9b, X = NHCOMe

9c, X=F

NFSI, CH;CN-HFIP 1:1 9d. X = Cl

60°C, 24h

Landais, Y. et al., Chem. Commun., 2020, 56, 13013.

GC-MS




appendix

MacMillan, David W. C. et al., Nature., 2018, 559, 83.

@)

QCOCy  -Mesl @@
OH I<
Mesl(OAc),  Mes™ ~OCOCy -CO;
6 7 8 -CyCOy 9
No purification Alkyl radical
SET
r|| |r|||

photocatalyst

XL, Cu -Nu reductant
Alkyl rad|cal
/ hv
P
OX|dant

Z N
XLnCu||© LoCu-Nu
3
10
| N \Y \_/ XN
PR LY
4 H Z N
11

Ne
E/Z red

B [ELRBAREH) 72 04BPhen) .]=0. 08V

Hu, X. et al. Nat Catal. 2018, 1, 120 .

Proposed mechanism:

PC*

PC

Fragmentation

-CO,, -A*

Mn
v
ArNH,
base
ArNH-M"

&4



