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and C—H activation).
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Timeline of Achievements in Copper Chemistry

a) Ullmann 1903

NH Cl COOH
B First cross-couplings @: ? ) @ (1.1 eq)
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® Ullmann-Goldberg reaction 90%

c) Goldberg 1906
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B Copper organometallic reagents i {_\ : Y= e {
0] O‘
- 2\ /
H—=—H
(CH,): {CHsg)e o) \ >7 /

=0 + CH:MgBr — — D=ﬁ - "RCu"
— ’ . ):.:/ <——  R,CuLi, RCu(X)Li, RMgX+CuY etc. R\/\_]
| {'1& : ﬁ/\
CH, MarcH 17, 1941 (CHa)e I /o

Kharasch, M. S.; Tawney, P. O. JACS. 1941, 63, 2308. D%O _ /LL \ >_<
R

9 CH,Li + 2 CuCly — CaHg + CusCls + 2 LiCl
9 CH,Li + CusCl, — 2[CH,;Cu) + 2 LiCl R )kR

Gilman, H.:; Jones, R. G.; Woods, L. A. J. Org. Chem, 1952, 17, 1630—1634 Review: Chem. Rev. 2012, 112, 2339-2372.



Timeline of Achievements in Copper Chemistry

B The post-Ullmann chemistry C-heteroatom (N, O, S, P, Se). C-C

The classical Ullmann-Goldberg reactions had kept an unshakable position.

» Harsh reaction conditions (high temperatures and strong bases)

» Limited substrate scope
* The use of large excess amounts of copper reagents.

until late 1990s...

Palladium based Buchwald-Hartwig reaction

the clearest cases of transition-metal-catalyzed
processes controlled by ligand design.
*Fixes conformation, which

enhances rate of reductive elimination
*Prevents cyclometalation in some cases

«Alkyl groups make P
electron-rich, facilitating
oxidative addition

R3
“Top ring" { O f
sLarge groups increase stability P(R")R2
- *Bulky groups on P
RS R* N promote reductive elimination

by preventing cyclometalation
/ O / and favor L4Pd complexes

*Increases amount of L4Pd
5 ‘Bottom ring"

S

complexes

*Retards oxidation of P by O,
*Allows for stabilizing Pd-arene interactions
*Promotes reductive elimination
Ligand development and precatalyst design led to significant
advances!!

Broad substrate scopes: Cl, Br, I, OTf
Mild conditions: many reactions work well at r.t
Catalyst loadings: some reactions need 0.1-0.001 mol% of catalyst

Review: Chem. Sci., 2011, 2, 27
ACS Catal. 2015, 5, 1386.

0
Rj)Lci
HN . ﬁ”

e

The use of bidentate ligands for copper.

Dawei Ma et al. J. Am. Chem. Soc. 1998, 120, 12459.
H. B. Goodbrand et al. J. Org. Chem. 1999, 64, 670.
Hauptman, Buchwald, Taillefer et al.
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|
j\/ on CullK,CO, "N~ “COOH
+
H,N"" ~COOH DMA, 90 °C, 48 h, 86% OH
R O o T
— 7N\ /N R\NJ\[,N\R
R—NH OH - — I
N N H 3§
Bl R R
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N RHN  NHR'

0O (@)
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Broad substrate scopes: Cl, Br, |
Mild conditions: 80-100°C for many reactions
Catalyst loadings: 5-20 mol% in most cases

Review: Angew. Chem. Int. Ed. 2003, 42, 5400.
Angew. Chem. Int. Ed. 2017, 56, 16136.




Timeline of Achievements in Copper Chemistry

B Chan-Evans-Lam Coupling (HO)B(OMe), + Cu''X;

ArB(OMe),
IE | 1/2 O, + HX + XB(OMe), + Cu')(}/ \§\
Ar—B(OH); + Nu—H + 1/2 O, ———= Ar-Nu + B{OH}4
(QH)z 2 II Cu'X [Cu'Xo+ArB(OMe)-]
Nu-H = alcohol, nitrogen nucleophile
C-C g P Ar-OMe + HX =\ ; i
— XB(OMe),
Chan, D. M. T. et al. Tetrahedron Lett. 1998, 39, 2933-2936. " l ’
Evans, D. A. et al. Tetrahedron Lett. 1998, 39, 2937—2940. Cu'l(An)X; i Cu™(AnX
Lam, P. Y. S. et al. Tetrahedron Lett. 1998, 39, 2941-2944. Shannon S. Stahl* W
J. AM. CHEM. SOC. 2009, 131, 5044-5045 cu'X  Ccu'X,
B Copper(l)-catalyzed alkyne-azide Guinkem
e SN TP AT . R? H
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Huisgen, B. Proc. Chem Soc., 1961, 357/-396 [L il i S{:;: 3 \RBH
K. Barry Sharpless® Angew. Chem. Ini. Ed. 2001, 40, 2004 - 2021 2 _%
K. ]32[‘[’1‘3,F Shﬂ]"‘pless* Angew. Chem. Int. Ed. 2002, 41, 2596 } {' ‘* -L.-,CU;Z E: R?] N
Morten Meldal* J. Org. Chem. 2002, 67, 3057—3064
Huisgen’s 1,3-dipol loadditi B = \N ﬂ'
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heating fN_N R / LC : I:.. L,-,Cuzf{--E—-R’:}z
RN 4 Rlee—= R — N N iz R = =
dlow RN R RI“ \F TR 1
100°C u 11 R'=Ng
R2 R2
. . RZ
CuAAC reaction v N, ==Cu + N RZ
N=—N RN N D T N |
; Cu(l) ‘f the 1,5-isomer . ?\l g N I
R—MN + R—e—p N\)\ is not formed H \N—*GU H1N% ]
wec.see RN R LaCuz R2 R u,,.A
1,4-isomer only I‘|
Review: Coord. Chem.Rev. 2011, 255, 2933-2945 ,
R




Electronic Properties of Copper

MOVEMBER 26,2012 VOL.31.+I55UE 22

ORGANOMETALLICS

1 Copper - Electron configuration
H
[Af] 3d104sT |, ., . s
Li Be B C N O F
1 12 14 15 18
Na Mg Si P S CI
19 20 26 27 28 29 30 33 34
Ca S-:: T V Cr Mn Fe Co Ni Cu 2Zn Ge As Se Br
37 39 43 52 53
Rb Sr Y Zr Nh Mo Tc Ru Rh Pd Ag Cd Sb Te
55 56 72 73 74 715 T8
Cs Ba Hf Ta W Re Os Ir Pt Au Hg
87 88 104 105 107 108 109 110 111 112 11?
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn
57 58 59 60 61 62 63 64
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
89 90 91 92 93 97 99 100 101 102 103 ENHOBLING A BASE METAL:
Ac Th Pa U Np Pl..l AITI cm Bk Cf ES Fm M d NO Lr PRESENTING COPPER IN ORGANOMETALLIC CHEMISTRY
ACS Publications 2012, vol 31, isSUe 22. v
Eqjo= 0.16V Eqpp= 2.4V
Cul - Cu' Ccu'l M highly electrophilic and unstable
10 9 8 i
. d o . d d%, metal cation B potent oxidizer
isoelectronic with Ni(0) Pd (0) : isoelectronic with Pd(ll)
L B requires highly stabilizing ligands
Nickel Palladium Wi horter bonds than Pd
orms shorter bonds than B unstable towards the reverse
“10+1+243+4 0+1+2+3 +4

Smaller atomic radius

Less electronegative
Harder

Facile oxidative addition
Facile f-migratory insertion

Larger atomic radius

More electronegative
Softer

Facile reductive elimination
Facile B-hydride elimination

Radical pathways more accessible

Nature 2014, 509, 299.

M harder Lewis acidity than Pd
M higher affinity for O, N ligands

B smaller coordination shell can not

reductive elimination

B requires the nucleophile to be in the

coordination sphere prior to oxidative

addition

accomodate large ancillary ligands no useful guidelines in ligand design



Mechanism of Copper-catalysed cross-coupling

B Three oxidation states (0, I, and Il) are found to be effective in cross coupling
(CuBr, ,CuCl,, Cu(OAc),, CuX, Cu powder). Cu(l) species are the primary active
catalysts.

B Most of available experimental data favor the proposal that the nucleophile is
coordinated to the Cu(l) prior to activation of the aryl halide. (fast and irreversible)

B The most frequently invoked activation m A Cu'/Cu' cycle.
mode of aryl halides by Cu complexes

X .
Oxidative L (rju"'—hluc « For Cu(lll) complexes: Chem. Sci., 2013, 4, 2301
Addition " @ Xi etal. JACS. 2017, 139, 13688. ref.
(a) s o tial
uentia
eqss'r r 1) 1.0 equiv O:<:>:O ‘
X THF, -78°C, 0.5 h m
L,Cu'-Nuc | @ . &
()  SET « 2) Recryst. in Et,O/THF R ‘ O
L il e +
L,Cu'-Nuc TE:"E;’.? 's'h (THF)4LI
Y > 85% NMR yield.
}r‘ i} 66% isolated yield.
Atom L,,Cu"'—Nuc
Transfer .
O )
= 1.0 equiv
. [MesSIBF,] e
L Cu'-Nue SHERLS O
M:t-aBt?'I:gis T 1.2 equiv I,
_ X- - @ THF,RT, 1h -




Mechanism of Ullmann-Goldberg can vary

Photoinduced Ullmann C—N Coupling:

Demonstrating the Viability of a Radical Pathway

Sidney E. Creutz,™* Kenneth ]. Lotito,* Gregory C. Fu,"**t Jonas C. Peters't

Cu—N
/

RsP O SET

1 (R = m-tol)
2 (R = Ph)

L,Cu—N

Fu and Peters, 2013
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Fu and Peters, 2014
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Mechanism of Ullmann-Goldberg can vary

B Single-electron transfer (SET) VS iodine atom transfer (IAT)

Buchwald et al. JACS. 2010, 132, 6205.

ar\g,ﬂj;

% Cul, 20% 5
2.0 equiv. Cs;C04

DMF, rc:u::m temp,

Br \D .
\©/ PhMe, 3A MS, 90 °C

5% Cul, 10%: 6
2.0 equiv Cs,C0O5

1, 979 OH 16h 4, g6% NH2
Ket(5) | SET |IAT - — o Phen (6) | SET | IAT
O-bound 32.9 5 @)L,Pr 6= Mo \ N Me O-bound | 43.6
N-bound 41.1 —N  N= N-bound

Elementary Steps in Mechanisms Involving SET

1 032003 Csl I I M
©/ LCu'—Z i
.

- CsHCO,

LCu—I LZ» LCu—2Z

v
LCull—2z I
Me

» LCu'—2Z

+©+I@ Ihg

+

Elementary Steps in Mechanisms Involving IAT

I Cs,co,4 Csl I [
Me—2 CsHCO, ©/

LCu—I

* Mechanisms involving either oxidative addition/reductive elimination or o-bond metathesis are disfavored in this case.




Mechanism of Ullmann-Goldberg can vary

B Oxidative addition/reductive elimination mechanism
Yao Fu et al. JACS. 2010, 132, 18078.

5 mol% Cul, H.N OH 5 mol% Cul
Br NH(CH,)sOH 20 mol% L1 NN 10 mol% L2 Br O(CH,)sNH
U 2.0 equiv Cs,CO5 . 2.0 equiv Cs,CO;5 \©’ 2/57"2
DMF, rt, 7h toluene, 90°C, 16h

N-arylation O-arylation

yield = 97% \©/ w yield = 86%
[ ] 7/ N\

Selective N-arylation Selective O-arylation

/0» Ar N s
< The role of ligands?
Rate-limiti
steb«  Act as a coordinating agent thus facilitating the aromatic substitution.
H
* Inhance the solubility of an intermediate cuprate species.
o, ¢ Facilitate an oxidative addition of the aryl halide to the Cu atom. NH,
<
- i . . . :
°L1 « preventing the formation of Cu bis-amidate species.
« Varying the reaction pathway.
IR e i TR, 3 e T ———
Base’k Lr, { A0 NH, N\ /N, O NH G =l
Base-M U N -arylation E . % /CU\
Ll OIS i O-arylation a |‘ -
L1-Int6a | product

L2-dnt3c



Asymmetric photoredox transition-metal catalysis

B Catalysts that can straightforwardly direct photoredox processes in their inner
sphere, and thereby control reactions through their ligand environment are desirable.

2+
5
»
-
L <APk)
COH = Nf-._H it N
R S ;N"'|N\.
\/L | -H‘ I N | i
07 07~ “oH ﬁ‘
Br Br N
Eosin Y Ru(bpy) 2+ Ir(ppy)s
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B B D\[)kr 5
sliaiD
Me—-NH HN—Me S,N N—
Ph Ph
(8,8)-2 (5,5)-3
CN (5.5)-4: Ar=Ph
0] = o [S,S}—E:
S’ |\) Ar = 3,5-di(t-Bu)Ph
NH N
[I[dF(CF 3)ppyla(dtbbpy)IPF g E (S,5)-6:
(1) Ar A" Ar=4-(t-Bu)Ph

2 mol%s photocat. 1

Me  NHBoc 2 mol% NICl,*glyme Me  NHBoc
~ 2.2 mol% —-6; TBAI )\)
Me COGH mol% (S,5)-6; TBAI e
4-bromobenzonitrile i
Boc-Leu-OH Cs,CO,, blue LED Dp"?a”y CN
(1.5 equiv) active

DMEMoluene, r.t.

Eric Meggers et al. Nature 2014, 515, 100

/[Ir
,\P_?_ EWG
_|+ PF,~ -H \ o
,Q, Ir]
.N [Ir]
’i’b \N - R me‘ﬂc N
LI Cataly'SiS 1\ ]l
EWG

P
Br EWG
“Me 3 / PS* w7
Ir]
x@"*"” AN o SET_ _ ~
O~ ()
Chiral centre 1 N catalysis
Catalytic centre \

PS Ps*
Photoredox centre v EWG
Visible light

Wenjing Xiao et al. J. Am. Chem. Soc. 2017, 139, 63.

in-situ generated Visible s
bifunctional Light

= PS .
6 @‘ /..- 302 ¢ activate molecule
photocatalyst \]>§ ' oxygen

O
(i A_.__ D
COzR )—) {:'(::'2R
0
Me_tal Catal.y;.ls: OR
high reactivity =

& stereo-control O

Enolate Complex

Photocatalysis:

+ visible light

* green oxidant
+ 100% atom economy
* high sterec-control



Copper’s rapid ascent in Visible-light photoredox catalysis

Photoassisted C-C Coupling via Electron Transfer to Benzylic Halides by a

Bis(di-imine) Copper(i) Complex

Jean-Marc Kern® and Jean-Pierre Sauvage®
a [ aboratoire d’Electrochimie Organique and ® Laboratoire de Chimie Organo-Minérale, Institut de Chimie, 1,
rue Blaise Pascal, F-67000 Strasbourg, France

J. CHEM. S0C., CHEM. COMMUN., 198‘}'

B Resuscitated in 2012 for a C—C bond-forming atom transfer
radical addition (ATRA) transformation

O

Phw

SnBusBr
Br
[Cu(dap),Cl] (0.3-1 mol%) )
R'-Br — S R’k/R > BuszSne Bre Eox+ 0.20V 200
nm “irin ) 11 examples, 38-98% yield ‘ /\/SﬂBuG
RS , Eox+ 0.615 V 180
@) o /Y
R. X [Cu(dap),Cl] (1 mol%) R\)J% ' 0 [CU(dap)2]2+ [Cu(dap),]* 160
LY 530 nm (green LEO)’ \ R o) )k"' Bre
' SnB e Ar = 4-MeOPH Ph . 140
A0 15 examples 63-89% yield —  [Cu(dap),Cl)  —
Eox—0.49 V - 120
: 2 2 ’ 100
Papers published per year in the field of organic photoredox catalysis.
80
Br
Fukuzumi, Tanaka, \)Lph 60
Pac and Deronzier
40
Kellogg Okada 20
v Y
o m © ) 0 e ~ A, 4] © S oy o
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The mechanistic paradigm of Cu(l) photocatalysts

B Cu(l)/Cu(ll) catalytic cycle involve sequential elementary steps—SET, ligand
exchange, and ligand transfe.

H Cu(l)/Cu(ll)/Cu(lll) catalytic cycle involve SET, radical rebound, ligand exchange,
and reductive elimination steps.

R-X

R +X
SET __
N

radical
rebound

\

ligand transfer reboun'd
mechanism mechanism
L R

\ ) /

L

.

~— ligand _ ( elimination exchange Nu
exchange t"ga'}d N \ - .
ransrer
l ~ R—Nu @ ‘/‘(
R

{
R

L L




Bifunctionalization of olefins

Trifluoromethylchlorosulfonylation of Alkenes:
Evidence for an Inner - Sphere Mechanism

Copper-Catalyzed Radical Cross-Coupling of
Redox-Active Oxime Esters, Styrenes, and Boronic Acids

by a Copper Phenanthroline Photoredox Catalystt e crem in e 201, 5. 155051509

Oliver Reiser et al., Angew. Chem. Int. Ed. 2015, 54, 6999

CF4S0.ClI
Ph)\% T Ph CF;  Ph CF;
KoHPO, so.cl T cl
1t 24 h 2t 3t
[Cu(dap)2]Cl (1 mol %), 530 nm 3:1, 79%
[Cu(dpp)(binc)]C! (1 mol %), 530 nm 9:1, 83%

[Ru(bpy)sICl- (1 mol %), 455 nm <1:>99, 77%

S0,CI [ CuL,, LEDs30nm
>/ \ F2SO,Cl
|
\

R~ * | / Ph !
. CFs SO,Cl ”“v‘ LR

R
" CFs

C 20
| ;1 cu’ | g2
=N C. o Ph
( A i)\ N

S0,CI

. LI
CuL,, / ™
B "“-...___ /\\:‘\e . -

— R [Cu(dpp)(binc)ICI

Fluorotrifluoromethylation of Alkenes

CsF, [CF;]

j\ Cu(OTf),, L3/BC e \55 /N i CuN
RZ  MeCN, 80 °C.6 h ° R?
:_/

visible light
Chaozhong Li et al. J. Am. Chem. Soc. 2018, 140, 6169

Cu(CHCN)4PFg (10 mol%)

n-OR AT dtbbpy (10 mol%)
!l 2 Na,CO5 (2.0 equiv) Ph
+ * ~
} Ph—B(OH), 7 W blue LEDs, DMF (0.2 M) Ar“g@’(\/\cw
1a 3a MeOH (2.0 equiv), RT, 10 h 5
Rl= p-CF4CgH4CO
LOR! 10° N
NI SET N e
» — ) i )
L e ™
Rl= p- CF305H4CD ol s \ PhB{OH}IQ
e “./ 3a
v [ \' &~
* |I 13 R‘]Oe ! CN
patha | ' 1a-A
LCu' LCu“Ph A f«%]
Ph- Cu'“L Ar
CN 1a-B
Ar = 2- naphthyl
1auC
Ar 1 Ncmﬁ
standard conditions
Arl = 2—naphthy| 10h 7, detected by HRMS
Ph—B(OH), ;EMPO P(z.c equiv) NC/\,H»SJPH
1a, R' = p-CF3CeH,CO 3a or PhSeSePh (2.0 equiv) 8, 75%

O
Ar %ﬁ\/\cw

4a’, detected by HRMS

[rg"::;cul [ ’@Ef;/‘cul



C(sp3/sp?)- heteroatom cross-coupling

Asymmetric copper-catalyzed C-N
cross-couplings induced by visible light

Quirin M. Kainz, Carson D. Matier, Agnieszka Bartoszewicz, Susan L. Zultanski,
Jonas C. Peters,* Gregory C. Fu*  Scjence 351 (6274), 681-684. 2016

"-'{:‘ ) n N E .‘\‘\‘

O “ % cat CuCl/(S)-L* ¢ 7 O

Cl ’ hv (blue LED) 0 =
Rzm)g( HN, - ! P—Ph
R R! == LiOt-Bu (1.5 equiv) RN 7 \ ‘
toluene, —40 °C R R h_,\x c {

All of reported
couplings have
employed
nucleophiles
wherein the
nucleophilic

: / .
racemic N good yield high ee SHL
X= L U « photochemistry and enantioselectivity via
[LnCuNu] i a single transition metal (copper)
ligand A A » enantioconvergent C—N cross-couplings
M ok hatirion excitation of racemic alkyl electrophiles
*» high enantioselectivities with tertiary electrophiles
[L,Cu'X] D B [L,Cu'Nul*
SOUBNN electron
el transfer
c
-t R—X
Nu—R [L, Cu'Nu] X
F -

or [L,Cu"(Nu)R]X

site is part of a
T system.




“out-of-cage” nucleophiles

Gregory C. Fu et al. J. Am. Chem. Soc. 2017, 139, 17707

cat. Cul/BINOL

R? hv (blue LED) R?
RNH, 1—( -  RNH—(
R! BTPP (2.0 equiv) R!
1.5 equiv CH3CN/DMF, =10 °C
E
X" |
(L,Cu'(OAr)]
) hv
- ligand L
OAr 7 substitution excitalion
I [L,Cu'X] [L,CUu'(OAN]* F
R—NHR . glectron R—X
coupling transfer
ligand
R substitution R-

H [L,Cu'(NHR)]X [L.Cu(CANIX G

V<

base
HOAF NH;H

“OAr

(S)=SITCP_

(5)-sITCP”

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

1.0 mol% L1
0 R 10 mol% CuBr 0 R?
hv (blue LED)
ROJ\ NH, Br” 'R - FIOJJ\N/J\FIE
base H
DME, r.t.
X R-
P
v )
[L,Cu'Nu] cul-N | X
Nu~ ligand A Ff _/ electron R—X
substitution transfer
G P
| electron \ —r\
[L,Cu'X] D trarsfor F | cu-N
E 4_/
coupling C F»: T\ excitation
R—Nu [L,Cu"Nu]X ('F‘u'—N
h
g ¥
R.

cul—N

)

Cu(l)=binaphtholate

Cu(Cbzdiphos™")



Cu(l)-phenylacetylide species

Angew. Chem. Int. Ed. 2018, 57, 5492

Cu cat.

R'-X
blue LED

R

-

base

R——Cu » R——=—R!

R'-X = primary, secondary, and bridgehead tertiary alkyl iodides

Intensity (a.u.)

HB* X~

R— Cul, photoexcitation
B \
L,CuX R CuLn| *
4
n ‘/4 electron fransfer
1
= R R1-X
x\ R [ R— CuL”] X
3
Excitation and emission spectra of
in situ generated Ph—=—=—Cu in CH,0OH.
120.0k T T T T T T T
| = gxcitation (A= 524 nm)
100.0k - = =emission (Lg,= 466 nm) .
1 524 nm
el R L A 1
) s ’\
1.'
60.0k - | J
- \
40.0k - bt J
] -Hi 583 nm
ﬁ'i
20.0K \,._Vl A -
.
0.0 ~-—b—-v—v——+—"T—T—
440 460 480 500 520 540 560 530 600

Wavelength (nm)

Kuo Chu Hwang et al. Angew. Chem. Int. Ed. 2015, 54, 13896

1 2a

+

o

aa':'

& mol% CuCl

CH40H, M,
blue-LEDs, RT

Kuo Chu Hwang et al. Angew. Chem. Int. Ed. 2019, 58, 3838

E 2
R? 5mol% Cucl_ /) "
/ N\_N + =—Ph 5 -
& N CH;OH,BQ Rt —pn
R™ "¢ H 2a  RT,blue LEDs
R
Ph—=—H—= Ph—= Cu' — |Ph—=—Cu/|-8ET— Ph cu'
+ 2a' 5 7 8
CuCl  HCI \S 1a
blue-LEDs Et .
6 lPh Cul---N-Ph

BQ (H-bonding)

HO_@_OH o \ cation

Cu—=

@ \__ph

Ph

2a’

Et

Cu'

(radical-radical

(cu'-amine 11 |huH
=) complex)
= LMCT

-
HAT o) aminyl radical

(u-cjxy-radical} cross-coupling)
@OHz Et. I‘*‘l LH=
TF’h ot ~~QH
13



New avenue: light-accelerated Cu' homolysis

Mechanistic paradigm of Cu(ll) photocatalysis

@\/Z

@
AE
ligand
' exchange
T~
R,YV z
L
e Cuf(ll) catalytic cycle
RS
i :\ | I‘:‘

VLIH

AN

Photolyses of Metal Compounds : Cupric Chloride in Organic Media

Oliver Reiser et al. Angew. Chem. Int. Ed. 2018, 57, 8288.

M cat. [Cul(dap),]CI
e 0
or [Cu'(dap)Cl,]

\
PR + m'le’?'_w3 ) - J\,“s
Me air, CH;CN, green LED, 25°C Ph

via: Cu'-N; species excitation 76%

Proposed mechanism: [Cu(dap)Cl;]

N
—Si—N;
4 :
\ ==5Si=0H
7
ligand _/
exchange ‘\

LMCT excitation-homolysis:
Cu(ll) complexes react from
LMCT states which oxidize
RN the anionic nucleophile.

by
CllC[n oty c CuCln..l —mke + C]

By Jav K. Kocur! L Am Chem. Soc. 1962,84,11,2121

hv

2CuCl; + CH;CHCH; —> 2Cu(Cl 4 CH;C—CH,; + 2HCI v
| CH, CH;

I
OH O

The activation of Cu(ll)X, complexes endowed with suitable
ligands to redshift absorption into the visible region can produce
radicals Xe that initiateproductive organic transformations!

CHs
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New avenue: light-accelerated Cu' homolysis

Lei Gong et al. J. Am. Chem. Soc. 2018, 140, 15850.
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Zhiwei Zuo et al. Angew. Chem. Int. Ed. 2016, 55, 15319.
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Such principle was also impressively demonstrated by Zuo and
co-workers: Highly electrophilic alkoxy radicals, generated from
simple alcohols via photoinduced LMCT(Science 2018, 361, 668).
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Cooperative photoredox dual catalysis

B The radical capture by Cu(ll) species gives rise to a high-valent Cu(lll) intermediate that
undergoes facile reductive elimination to furnish the cross-coupled product.

Co-operative photoredox-copper catalysis: Capturing radicals with copper
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Aryl  B(OH),(X) Sanford et al. J. Am. Chem. Soc. 2012, 134, 9034.



Debromo/decarboxylative trifluoromethylation

Macmillan et al. Science 2018, 360, 1010. J. Am. Chem. Soc. 2018, 140, 6522.

A radical approach to the copper oxidative addition

problem: Trifluoromethylation of bromoarenes

Chip Le,* Tiffany Q. Chen,” Tao Liang,* Patricia Zhang, David W. C. MacMillant

20 mol% CuBry*2LiBr

Br CF
Al Mesg e 0.125 to 0.25 mol% Ir ph Y
T ¥ o 125 to 0.25 mol% Ir photoca P

Fa Z
’ 1.5 equiv. (Me;Si);SIOH

heter 1 i ' trifluoromethyl
(hete o,}ary dMesSCF; inorganic base, acetone etny
bromide blue LED. 35 °C. 8-24h arene product
?H —H* MEGSiCIJ /’—-__\ Br
Me,Si _sli_S'ME:s — SET —»  MeSi —E;i' /©/ - /@ facile ra?';'calr
4 SiMe A MezSi capturing
3 o : NG NC mechanism
silyl radical 5 aryl bromide & aryl radical 7
precursor \
SET
/ \ CFS
—oyl-
il (2) Ir (3) bn Céu X L, Cu"'-ﬁ.r
. 1 Fa
oxidant Photoredox reductant Copper
Catalytic Catalytic
Cycle / Cycle
SET
Ea ww'.
=Y
VEa,
7 photoredox-enabled
i % Cu-X
LU T Cul'-CFq farmation b= O
visible light e
Mes_ + Mes ’
pr ]
metallaphotoredox 1 TOTt SET — F"\F afg:;i.;if
catalytic platform g CFs CF, radical 9 NC 13

Aryl—B(OH), + CF3l —— = Aryl-CF,

Aryl radical generated by single
electron oxidation?

Alkyl radical?

D .f == \‘
SO0, S —
OH ht Cr Me
BzN GF 5 source BN Me
BTMG, EtOAc

3 n IS h 12
carboxylic acid alkyl-CF 3 Togni's reagent |
-CO i
L,Cux  =alkyl 0 Lou'x Jl\ﬂ"ﬂ,,
/ 8 \
Copper Catalytic 0,C—alkyl
/all-cyl Cycle Lcu
L,cul \X 5
. 9
X
/ I (7) \
Photoredox Catalytic
SET Cvele SET
Yy
\\ O Bl ] ) //
4
alkyl ?; 0.C—alkyl
i - 1]
L,.,Cu\ ! LnCu\
Togni's |
(1) I OCu'lL X
@ D
L MNBz
alkyl-CF,




Decarboxylative sp3C-N coupling
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Enantioselective decarboxylative sp3C-CN coupling
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Trends in Chemistry 2019, 1, 471. Tetrahedron Letters 2019, 60, 151225
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Summary

Eqpo=0.16V
cu' - cull
B Mechanism of Ullmann-Goldberg can vary d1o °

isoelectronic with Ni(0) Pd (0)

B forms shorter bonds than Pd

@,X (b) SET LoCu'~Nuc  |@ M harder Lewis acidity than Pd

. x B higher affinity for O, N ligands
L.Cu'-Nuc

J B smaller coordination shell can not
accomodate large ancillary ligands

B Single-electron reduction from Cu(l)* complexes

Eqp= 2.4V
- cull

d8, metal cation
isoelectronic with Pd(Il)

B highly electrophilic and unstable
M potent oxidizer
Bl requires highly stabilizing ligands

B unstable towards the reverse
reductive elimination

B requires the nucleophile to be in the
coordination sphere prior to oxidative
addition
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