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R=X * ! TM = Cu: Ullmann

H

aryl (pseudo)halide amine or derivative
(electrophile) (nucleophile)

b) Oxidative C—N cross-coupling (requires added oxidant)

.\N/. TM cat. .\N/. TM = Cu: Chan-Lam
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(a) ChanO\- and O-arylation
Cu(OAcC); (1-2 equiv)

R—XH Ar—B(OH), _— R’X“Ar 15 examples
Et3N or pyridine 4-96% yield
CH,Cl,, air, rt
For example (Ar = p-tolyl)
Amine Aniline Amide Urea Sulfonamide Phenol
t-Bu
t-Bu o (0] T A
S GSAr
Ar N

CL SAT \©\ A e MezNJ\N' !

N N*" PhTON | Me

H H | Ph t-Bu (o]

Me 1
Ar
63% yield 90% yield 17% yield 45% yield 72% yield 73% yield
(b) EvansO application of theD-arylation MeO
| OH Q
B(OH),
' Cu(OAc); (1 equiv) ' O
AcHN .
MeO EtsN, pyridine
EtO,C CH,Cl,, air, 4 « MS, rt AcHN
EtO,C

R = Me, 81% yield
27 examples, 7-98% yield
(c) Azaheterocycle N-arylation by Chan and Lam

X’X

X~ X\\ Cu(OAcC); (1.5 equiv) RIZ X
Rli X Ar—B(OH), X</ 13 examples
~N pyridine, CH,Cl, by 6-88% vyield
H air, 4« MS, rt Ar
For example (Ar = p-tolyl)
Pyrazole Imidazole Triazole Tetrazole Indazole Benzimidazole
N Ph N
N\ N N, N\
E\'N [ > N Y N S
N N N N~/ N N
1 1 A} 1 Y \Y
Ar Ar Ar Ar Ar Ar
76% yield 72% yield 6% yield 26% yield 72% yield 67% yield
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: RoNH, Et;N
Denucleation 2 3 H AcO-

—Ac OHlEt3N
Oxidative Turnover ~ O2 * RoNH / ~NHR
2 Ar—B(OH),
+ ACOHIELN ( Transmetalation
II B(OH)3
L,CuOAc Cu(l) Cu(II) Ar” NHRz

Reductive Elimination ~ Ar—NRg & III L,CuXy
\ /OAC L,CuX Disproportionation
/

+ HX |
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5 Byproducts
R—XH Cu cat. !

-~ X : o - -
Ar—B(OH) R™ " SAr Ar=0H A SAr Ar=H Ar=Ar
2 desired | oxidation oxidative protodeboronation reductive
CbX bond | (common) homocoupling (common) homocoupling !
| (common) (less common) ;
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(a) Use of MeB(OH),

o Me—B(OH), Q
MeO Cu(OAQ), (2.7 equiv) MeO OMe
OMe e
pyridine, 1,4-dioxane
MeO NH, air, reflux MeO \H
Me
66% yield

(b) Use of c-propylB(OH), (methodology)

o) [>—B(OH),
(j)l\ NH Cu(OAc); (1 equiv) (j)L
. > Me
N K( Me 2,2-bipyridine (1 equiv) K(
H
Me

Na,CO;3 (2 equiv)

DCE, air, 70 ¥%C

95% yleld

16 other examples
(c) Use of c-propyIB(OH), (target synthesis) 40D99% yield
OMe OMe

OMe OMe

Me [> B(OH). Me
CN CN

Cu(OAcC); (1 equiv
Me (OAc); (1 equiv) N Me
2,2-bipyridine, Na,CO3
DCE, air, 70 ¥aC

Iz

OMe OMe
OMe 19% yield OMe |

I
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N B g \ 99% yield
\> 0~ S0 M > 18 other examples
N b B N 30-98% yield

EtOH, air, 40 °C
“"SPh Ph |
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<#$"0"*Z26%#D R#-1#-45#$485!811$9483]8985#$&+)
®

0,
| Joo O Cu(OAc), (20 mol%) P
N" "B%g N 4 AMS, PhMe, Oy, 60 °C NT N
0 H
Me

70% yield
45 other examples
53-98% yield |

I
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(a) Acetylinic BF3K

o CuCl¥2H,0 (15 mol%) o
1,2-dimethylimidazole (40 mol%)
)J\ >—=——BF;K )L =
(e} N
\/

O NH 4+MS, CH ,Cly, Oy, 1t
\ / ) , O2,
64% yield
23 other examples

(b) Alkenyl BF3K 27-99% yield

O O

0,
NH, th/\BF . Cu(OACc), (10 mol%) N/\/ Ph
8 DMSO/CH,Cl, (1:1) H
4+MS, O ,, 40 %iC
60% yield
21 other examples
25-97% yield

(c) c-propyl BFzK
X
AN Cu(OAC); (25 mol%) |
| 1,10-phen (12.5 mol%)
>—BF3K — N- "0
N o K,CO3 (2 equiv)
H PhMe/H,0, O,, 60 ¥%C A

87% yield
29 other examples
27-89% yield |
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(a) Hartwig’s arylBPin amination

(0} (e} H OEt
BPin N \)\
OEt MeO N Cu(OAc), (10 mol%)  MeO OEt
- 5
EtO NH, KF, 4 A MS, MeCN
0,, 80°C
Me Me
66% yield
13 other examples
31-67% yield
(b) Kuninobu'’s alkylBPin amination
Cu(OACc); (5 mol% OH
Ph” > BPin Ph O (OAc) (5 mol) P NN
H (+-BuO),, PhMe, 50 °C Bh
82% yield
11 other examples
20->99% yield
(c) Watson’s process using NacNac ligands oyie
o}
N NMe
NH, Cu(OAc), (10 mol%) | S 2

NaOSiMe;, DTBP

s

L1

o)
L1 (10 mol%) |
F N =
BPin H
N4E/\/ 4AMS, tBUOH, 75°C

67% yield

OMeMe
Me;N N 23 primary BPin examples
12 secondary BPin examples
N HN 31-86% yield
|
Me )\)\ OMe
Me Z Me

(d) Clark’s aryIBPin amination

Br EtO,C BPin

EtO,C NH

Cu(OAc); (10 mol%)

3 AMS, MeCN, Oy, 80 °C

55% yield
11 other examples
36-66% yield  Br

(e) Watson’s arylBPin amination using mixed solvent

Et3N, MeCN/EtOH, air, 80 °C

NC NH, Cu(OAc), (1 equiv NC No
K)/ Ph—BPin (OA9), (1 equiv) jg/ Ph
F F

(f) Watson'’s arylBPin amination using B(OH)3

NH,
Me

N N)*N
) U

O

(g) Watson’s arylBPin amination of sulfonamides

Cu(OAc), (20 mol%)

NS
)
Z B(OH)3, MeCN/t-BuOH
H BPin 4 AMS, 0,,80°C NH
196 I X
Me

58% yield
61 other examples
10-91% yield

67% yield
56 other examples
36-94% yield

N |

Cu(MeCN),PF¢ (50 mol%) Mo SN XN

K3POy4, MeCN, air, rt =

[
N

51% yield
24 other examples
35-96% yield |

#n
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Cl

Cl o
fe) Cu(OAc),.H,0 (1 equiv)
Ph—B(OH), Ph
EtsN, MeCN, air, rt SN cl Cl
H,N | H

C Cl

81% yield
23 other examples
56D93% yield |
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OH O
d OMe
Me' Me Cu(OAC), (1.4 equiv)
HoN
pyridine, 4 A MS Nx Me Me
NZ B(OH), CH,Cly, air, rt
S~ l 58% yield
Br 16 other examples
4-82% yield |

I
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OEt

Cu(OA), (10 mol%)

Et3N CH,Cly, air, rt
then aq. NaOH

NC B(OH),
\©/ 57% yleld (over 2 steps)

3 other examples
57-78% yield |
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> CO,H
OH Q/
Cl Cu(OAc), (1 equiv)
_—
BocN EtsN, 4 AMS
CH,Cl,, air, rt
B(OH), then aq. NaOH
/©/ BocN
MSOZC

42% yield (over 2 steps)
3 other examples
28-46% yield |
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OPh OPh
HN/K: Cu(OAc), HN/©/
Me N Ph—B(OH), ——————— Me o
o SN EtsN, CH,Cly, 1t N
HaN"\ HN—Q
e N, = . N, =
N N

al Ph
15% yield |
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Br

Br
Me
& o BOH2  cu(0Ac), (15 equiv) N~ |
NF MeO—- —_— N
Y _ EtN, CH,Cly, rt o NH
N
0 NH, o
o

R = ketone, pyrazole MeO

8 examples

11-64% yield |
!
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(/\NINHZ (HO)ZB\Ej Cu(OAc); (1.5 equiv) r/N | s | N
NeANg, N Nome  FPTENEL CHCly 1t N JBF\Q\OMe

6.5% yield I
!
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(a) N-arylation of alkyl amines in cancer drug discovery

o) .\\ME
Me ¢l B(OH), Cu(OAc)2 (1 equiv) Q\
NH, \©/ i-ProNEt, CHZCIZ air, rt

14 other examples
4D51% yield
(b) N-arylation of alkyl amine in kinase drug discovery

Cu(OAcC); (1.1 equiv)
-
pyridine, 4 « MS
DCE, Oy, rt

F F
F
31% yield
(c) N-arylation of alkyl amines in kinase drug discovery
=
NS +R
HN
\©\/j B(OH)2  cu(0Ac), (1.5 equiv) A :
- @ 5
Et3N, CH,Cly, air, rt \©\/j
N “Me
Oéj\ Me
17 examples

R = H, Me, t-Bu, CI, F, OMe
CN, CO,Me, SO,Me |
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(a) N-arylation of piperidine F
e BB
H\ﬂ/ N Cu(OAQ), cl I\O\ j\
—_—
Me
H'\O/ o \Q\l o EtsN, CHoCl, N” TN7
SO,Me air, rt H
17 other examples
F B(OH), 7-26% yield N
I
Cl SO,Me
(b) N-arylation of aziridine
MeO
B(OH
(OH), Cu(OAc), (10 mol%)
OMe myristic acid, 2,6-lutidine

PhMe, air, rt

78% yield
5 other examples
40-87% yield |

|
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O o}
M o,
MMNHZ e CuBr (10 mol%) Me%jfLN/\(Me
HO BQ\ g H
Me HN—=Me (HO): Me  NaOSiMegs, (+-BuO), Me HN—"Me Me
Me t-BuOH, 75 °C —fvle
80% yield

30 other examples
40-91% yield |
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B(OH), Cu(OAc) (1.5 equiv)
. N/< 2 NAc
< N yr|d|ne 4+ MS E N/\<
N CH,Cly, air, rt N
f Ay
F

F
50% yield |
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o]

0
o -0
NH N
=N B(OH),  cu(0Ac),! H,0 (20 mol%) =N
©/ DMAP (20 mol%)

K1 (20 mol%), DME, air, rt A\
N N
H H

90% yield
35 other examples
52D96% yield |
!
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o

_Me
i /L
N,Me B(OH), Cu(OAc); (2 equiv) N 0
—_—
/g /©/ Et3N, 4 « MS
N O HO,C i

CH,Cly, air, rt

CO,H

73% yield
9 other examples
0D92% yield |
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'4$%! $%ANI034$A8FH @ 2++&:1 45! $%&! L 9&BA82+! $B@BIGHE- #-45#$485! 811&9+! #5! #3$895#$4B&! 189
C? W& $&I8BDWI03#$485!'4SVASHB@ AHIBEGE 148+)!

!

U%H5DI#5:! @8'8IX&IRBHEVUHE RH-! #-A5HSAE+1$%&! 149+$! +$&L! 451 $%849! +05$%68&+4+ 811#1+&94&+!8:
45%A414SBPHD Y& F44 >2]+$4$2$8::! LOOIEDRA-4:#{83& '&9&! #903#$&8! #@ @8¥&! |4#903! @B89&! '%4@%!
@823:1$%&5!25:89D8!129$%&9! 125 @ $4BSHBRFLSABEH 0! $%88-L@BL825:! @833& @BABE4$&! 2+45D

"&1?  14+83BEBIA&IH2$%89+ 1 BLIE80® 8-L&$45D!8$% &4 @#$485

|

<#$"0"*BHPY W903#$485!81!L09983&!#5:!14-41#{83&)!

Y
N
o)
r— R O
RO Cu(OAc), = Me

| oA N\(X .,
— >
1 1,
Eio,c_ N MeOH,ail 960 ¥iC /Ej - )
D X =N,CH R
X R=Cl, Et 77D95% yield

COMH |
!

Q&9%#L+!185&! 81! $%&!|&+$!:&-85+$9#$485+! 8 PohEIZHRAS B -45#$4885! $%&! +05$%& F4B#BU$4B&!
-83&@23&+! @8-&+! 198-! 9&+&HI@%0&9+! #$! =32+R4 330, 89%985289&# @ P48&$2L ! $8! +05$%&+4f&! $%0&!
L&523$4- #8858 9-8:4#$8&!&51982$8&!$8!85!:08$4 X438+ @#3&! >HIEIN&!L09#83&!45$&9-& :4#S& ! #+!
#3X03#$&:!'4A%$M98L03]89854 @ 12@ 89! %8-8D&5&82+! @#$#30$4@! @85:4$485+!2+45D!:4323&1 449! Pol~
45!89:&9!$8!:&34B&9!8B&I'PO!XD!81!$%&!:&+49&1145$&9-&:4#$&)!

|
<#3$"0"*BWR#9D&!+@#ABRX03#$485!81!L09#f83&)
Cu(OAC), (12.5 mol%)

2,20-bipy (18.75 mol%)
valeric acid (25 mol%)

[>—s(0H),
i-PrNEt,, THF/DMSO (1:1)
5% O,/N, (300 psi), 90 ¥%C

Cl N Cl N
69% yield on 75 kg scale |

2#51#5:1 @8'89X & 9&185+$9#$&:1$Y0EO03#$485!81!$& $I#{83& +!25[&BHAWB5:4$3485+! >@BIY&' - |
J%&A491454$4#319&L 89%$!45!SOGS!:&-85+$9#$&:1$%4+! @823:!1&!#@%4&B&: 1 2+AMBHHI 38U281RABD!81!62
#5N - 1#$-8+L%&9&,!B#9045D!18$%! $%&!#903]89854 @ 1#@4: ! #5“ HOBSHIBNSHB38L# @ $485! LIS @ & &:+!45!$Y

! #*



#]+&5@&!81!#50!&Z8D&582+!1#+&!189!34D#5:)! J%4+!L98-L$&: 1 $%&!#2$%89+!$8!129$%&9!45B&+$4D#$&!
$%04+!19&#@$485,!#5:145! SOG\! $%&0! 9&L 89$&:! $%6#$! |8$%! $&$IH#{B3&! #5:1 K">M#9&! @92 @ 623! 45! 189-4
+L&@4&+!$%982D%!#!+&94&+!81! BABT4FHPRETHI DS @ & ++HRAF0+%&B!#5:! @8'89X&9+!98& @&5$30!9&L 89%
#1@8-L3&-&5$#90!L98 @ & ++ 1 WBIFIABA $485!81!18$%!$94#838.+!#5:1$81$9#83&+)

#

<#$"0"*BX?, WO03#$485!81!$&$9#f83&)

NEL OzN B(OH), Cu,0 (5 mol%) N
NH N=
=N DMSO, O,, 100 %C )\ N
ph” N » P2 2R =\’

Ph

80% yield
27 other examples
0D95% vyield |

I

M&+&H#9@%&I+! #$!KARBO&! #! 6%#PR#-! ; WI03#$488! D&5&MBR4]19#90! 189! >ABH&998D#BIBH!
L&98Z4+8-&!! 98341 SMEIBBH#$E.:! | 08 @RIPIN | L#9$4#3! #5$#D854+$+! S@PL&IRI9! +2]+$4$2$8:!
#903]89854@! #@4:+! '&9&! @82L3&:! $8! $BHEVESBIR!@ 3#++4@ | BIATD85:4$485+! #518338'45D!
&L 98$& @ PABEB%0&! -&$%03! &%&@)BS5: | 6%p#GE-! #@%4&B&: I $%&! : &AHORIHSIBBH&! + @ BLE! B0
#903#$485!-89&!B#94&:,!'4$%d158411&98&5%$!#903]89854@#@4:+)&-L380&:

I

<#$"0"BY?, W903#$485!81!45:83&)

OMe OMe /@
(e]
mcozEt mcoza
cl N Cu(OAc), clI N A\
N

H CO,Et
B(oy, N 4+MS Cl
/@/ Oz ch,cl, air, 1t
F3C CF4
14 other examples CFs

50-70% yield |
!
7#5! :&9! =0@X&5! #5:! @8'89X&9+! 45B&+$4DH$E] FEMUDBIGSA85! 85! LOI#45858! @8-L825:+! _>@%&-&!
SI#) 15 1252+2#31+&$! 81! @85 USHBEB&3BLE:!'%&9&! @ IHSBU@ %04 8- SFBMERH-! @85:4$4854!
+2]j&@$&:! $8! -4@98'HB&! 499#:4#$485! '4$%! +4-23$#5882+! @88345D)! J%A+! 4+! #! OHORREZH-L3&! 81!
#-45#885]&45D! 925! 18381 988-! $&-L&IHIFBR &B&IAS! '#+! 1825:! $8!]&! X&O! 45! $%4+! LOS@EBHH-, ! #+!
$&-L&OIH$29&! 08H@$485+!'89&! +32 DEBAHGABES B H2+8&:1 # +%6#9L1 :98L1811145!04&.3:)! J%&! #2%Y680+ 9&L 8
@821.345D!811#9#5ERIBIBIS54 @ 1#@HE0! 45187 BBES5S$! 048B5%61$%&! 25+2@ @&++123198#@$485+1#$$94]2
+$8.94@1%45: 945 @&!89145+$#]434$0!811$%&1189854@ #@4: +)| C8!B#I4#$485!811$96& L 09#F45858!'#+19&L
!
NSI# 98 3H$E: | $&-L3H$&, | E&55&:014#5:! @8'89X&9+! :&+@94]&: $%6& R4-EHSAFEIHE5! $8! B#O0! @UEME
J#+&:| @898+1451$%8&49! &7 389#$485!811 =] &50-&! 45%4]4$89+k! %8'&B&I, ! VAR DU@E 4+ IBBWHE
#+1 45@8998@$30! 4:&5$4 148 AARA@BRUAB3-#5! @85:4$485+r1 45! $%&! -#52+@ AL S ] Y B84 !

! $+



&Z#-1.3&!1]243:+!85!&#934&9!'89 X! 1989 @D 8'89X&9+!'%8!4:&5$414&:1$%&! " &MAYR 1 +83B&5$! +0+$&-!
#+18L$4-2-1 189! $%&! @82L345D! 81! +4-43#9! 52 NG&8R&E$I5D30,! $%8&! @82L345D! LI8@&&:+! '4$%! @E
@%&-8+&3& @ $HEBAEEN0 &I E&LS5&:0!1589!F2!19& 1L 89$!#50! @8-L&$45D! @82L 345 BHBB&Y0&!L94-#90!

!

<#$"0"*BZ?P, WI03#$485!81!L09#f4585&!#5:1L.094-4:4585&! @0$8+45& 1+@#1183:+)

(a) N- arylation of pyrazinone CFs

B(OH). Cu(OAc)2 (2 equiv)
J: :/[ /@ Et3N, pyndlne N (0]
CH,Cly, air, 0 ¥aC |
then pw 300 W —
Cl N S
93% yield

11 other examples

o i
(b) N-arylation of chlorocytosine 0B97% yield

o o} OO
N)J\NH B(OH), Cu(OAc); (1 equiv) N)J\N
| : |
= TMEDA, MeOH/H,O0, air, rt
H,N )\H N J\%
Cl

Cl

54% yield
12 other examples
9D79% yield |

I

N5!#5! &Z#-13&! 45B83B45D! #! L2945&! [#+&,! C4&3+&5! #5:! @ SQ0KZApRAH-& #-45#$4858! LO&LHE&
L38298-2$4345! :&94B#$4B&! >@P&LLAVR! LI8$E@B&:! #:&58+HFEH! #903#$&:! 2+4BBHS:! \ W
48:8L%&503]89854@! 2@ED+$84@%48-&$94@! 69 12@H%&9! -#54L23#$485+4& 98B +&94&+! 81!
@8-L825:43%#3!'&9& 1#++8#D&EA5+$ $IHUKIK 9& 5! [H @ $&IA#IH$9#45+)!

!

K#+! #5:! @8'89X&9+! :&B&38H&K$%8:! 18F %&-823& @ $ABRI03#$4831251 98$& @ $XWO09#838M VW

4AnL094 - ABW-458+! >@%&-&N) " *1 J%&! 8L$4-4f&:! @85:4$4868U34$4BBE @ $4BEV03#$4BMEI! $%&!
#543454@!L8+4$485!#5:!'#+!#L L34 @#]3&! $&F0B#5 DRIBHAK 98A89854 @ | # @& 33#+! B#I4#$43H &1
#83&)8338'45D! $%8&! 454SUHB03#$485,! 8L$4-41&:! @85:4$485+!'&9&! :&B&IGDIHABTH! 81! $%&! #543454@!
L8+4$485,!L.98B4:45D! #! -&$%81BQ5$BEBH D R#-1 #903#$485! 81! $%04+! @ % ENSHOUBP 3.1 #3+8!]&! 58$&:!
$%#SIK#+1%#+!:&B&38LE&:! @85:5886&! 88 & 38 @BBRH$485!45!$%&!L9&+&5@ &1IBABBAEUSEB129$%&9!
$883+!189!:4+@94-45#$485!81!@8--85!125@$48%#3!D982L +)

!

N+%04X##! #5:! @8'89X&IA1380&:! $%&! 6%RH-! #-45#$485! #+! L#9$! 81! $%&49! 982$&! $8'#9:+! W&5$98-&C
#++8@4#3&:! LIBBEBSCQA! 45%4]4$89>@%&-&F")Y ; WI03#$485!8LB3&! #5:! $%4&5IMMTIDI83&!
@89&28:&9! @3#++4 @] BI#ED85:4$485834B&IKY08&+49&; ! WI03! LI98:2@$+! $%#$! '&9&! @85B&I$&:! $8! $9
$SHODEBB-L.825:+!45!+ & B&O#H 3 HBA# -+ & ++&: 1#+145%4]4 5851 (89)!

!

*
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<#$"0"*C[?; WI03#$485!81!112+&:1#f#%&$&IB8@0@3&+)

(a) N-arylation of purine

NBOCZ
NBoc, N N
Xy AN B(OH), Cu(OAc), (1.5 equiv) </ | )
| —
2 I—r N
¢ J L~ EtsN, 3+ MS, DMF, t N
N N —
H I~C
N/
42 and 51% yield
2 examples
(b) N-arylation of pyrazolo[3,4-b]pyridine NH,

XN
NH2 B(OH | N
m <Oj©/ (OH), Cu(OAC), (20 mol%) NZ N
N —_—
. MeOH, air, t
N o) eOH, air, r Q\

H
o

o

85% yield
30 other examples
60D92% yield

(c) N-arylation of thieno[3,2-b]pyrrole

S N
N B(OH), Cu(OAc); (2.5 equiv
N\ COEt (OAdp@Seaquy)
H E Et3N, pyridine, 3 « MS
Br

PhCFs3, air, rt

85% yield I
!
C?2%69*=.&1*E.M0%)".&*).*&.8&OF QP#-"/$"-"( *
*05438&!1$%&!-#j894%$0! 81 [6RAHE I8 @ &++&+!LIS@&&:1 2+45D! $%KID@ BSETHIA{#$4 85! SHS@DIL 8L %43&!
0198 L 3#@&-&5$!811$MAE6!$%&[!61]85:,1$%Q&!#9&1&Z @ &LB485+)
!
N5!5145$89&+$45D!&Z#-1.3&!81! @%&-8+& 38 @$ABUBMIYPIORL. | $% & & 38 @ $HBED 3#$4850#903#$485!
81! %0:98Z0]&5f8$94#{83&! :&94B#$4B&+! GHPVIKBUTL! LI&BAB2+! 2+&+! 81! 279 AR #$#30&:!
@82L345D+!9&#@$&:!+8B&BAUARN$%0& 1#2$%89+11825:1$%#$! +$84 @ Yo 4TRUHID B 8%ABH +,'4$%! $%&!
#:4$4851811 CH"),1#1189:&:! $%&E82L.3&:! L98:2@$+)! K/J! @#3@23#$485+! '&9&! L &9189-&:! $8! 9#$485#34
+&3&@$ARIBOB+ABEYo#$! SUMMSS-1145:45D! #5:1 +2]+&b28&5S$! ORBRAGAA-45#$485! '#+1-89&! 1#B8I#]3&!]0!
T)O!X@#3198I%&!LI8@&++!'#+11825:1$811&! B&I0! D&5&9#3,1'4$%! #!'MQNBEANEB 3#D03]89854 @ 1 # @4 +!
$8389#5&:1 45! #::4$485! $8! +2]+$4$2$&:! 2. $! :894B#$AB&+)! J%&! #2$%89+! &Z&-1.3410! $%&49! +$2:0! '4$%
25@$485#34#$4851811#!+$&984:1451D88:104&3:)
!
>4-43#930,! '8! #5:! @8'89X&9+! :&B&38L&:! #! -&$%8:838D0! 189! $%&! + VBINBRIUF4B8I85&+! &-1.38045D!
6%#pR#-1-&$%8:838D0!#5:11243:45D! 85! L9&B482+!'89X!198-!;51&9@%&-8&JT) = ' 1J%&! 8L$4-4f&:!
@85:4%B18#338'&:1189!+&3& @ $4B& ! OVHBERORBEL503#$485!811$%&!54$985&!-8$41,! SBRIPHIHA! L 8++4]3&!
[ C?1+4$&+)!;13#9D&! +&3&@$485!81!1#3X&503!]189854@ ! #@4:+!'&9&! + WBIBDA#RASBIBRIFRIH $4$2&55+!85!
$%&!1&5f&58! 52@3&2+! 81! $%&! 54$985R)!DI6ED BRKEH24B#3&5%$+! 3&:! $8! #903#$485! 81!18$%! $%&! 54$9

! $#



8245:834!C?1-8$41+!#5:,145$&9&+$45D30,!9&-8B#3!81!$%&!6S! @#9]8 Bt I&IFB HPAB&LS:! [ C?!
+4$&+,1%4D%34D%$45D!$%&!4-L89$#5 @ &!81!$%0&! @#9]8503!-84&$0)!

<#$"0"C>7P, WI0B#3X&3¢$485!HBM? W2 @3&8L%U3&+)

(a) N-alkenyl/arylation of HOBt

N\
N Cu(OAc)2 (1 equiv) Oe
Na,SOy, pyrldlne Q\
N =N

1,4-dioxane, air, 40 ¥C

61% yield
41 other examples
23D96% yield
(b) N-alkenylation of oxime

N—OH

CF30 | @o\ ®
N
\(jjg:o Cu(OAc), (10 mol%) CRO ) N\ n-Bu
N _—
“ |58
N

Nay,SOy, pyridine
MeOH, air, rt

B(OH),
n-Bu” N 72% yield

34 other examples
29D97% vyield |

I

CY<P-4.&%0'1"(*%&1*<P-4.N'0%(

>4-43t91$8!$%&!#-4:&!125@$485#3!D982L,! +23185#-4:&+!#9&! @8--85L3#@ &! $%982D%82$! -&:4@45#3! @
$%&! B#32&!81!$%4+! 254%! @3&#930!:&-85+$9#$&:!]0! 4$+! L9&+&5@&! 45! ') DEHDILB B3 141831 #&+)!
;@@89:45D30,! -&$%8:+! 189! LO&L#9#$485! 89! :&94BA4$4f#$485! 81! +23185#-4:&+! #9&! 198#:30! B#32&:!
-&:4@45#3!@%&-4+$90)

!

"#52X85:#! #5:! @8'89IX&I+! :&+4D5&:! #! +&94&+! 81! L8$&5$4#3! 45%4]4$89+! 81! QIQG.,! #! -&-1&9! 81! $%
$098+&5 %8LYo#$#+&+! QJIQ 124438838 @23#9! .8 @K4BI08&! 80#PR#- 1#-45#$485++!2+8&.:1$8! @#990!

829! 3#$&! +$#D&! #IM30H4AS&H! +&3& @ FABRD3#$485! 81! #! L94-#90! +23185#-4.&! >EDA&-8HT)!
682L.345D! 81! 18291&9&B80B9854 @ ! #@45:11+2]+&b2B$! %0:980+4+! 81! $%&! &$%03! D308Z#-4:&! D#B&! $
&+49887#-4@ H@4:!LI9812HHS$!' &9&! &B#32#BEIMDBEG . 145%4]4$485#++#0)

!

N5I#5!&Z#-LERI3#ID& |+ @#3&!45: BREGBRE! 1#-45#$485-#+$D#$&!#5:! @8'89X&9+!4-L98B&:!185!#!1L9&B482+!
+05$%&+4+! 81! :4@0@B3BUI&L00:98 @ %IBIHB&-&HT) ' |;! $%8982D%! 8U$#$485! '#H.&9189-&:,!
4:&5%41045D! $Q6ERH 1 9& ++&:1+832]434$0!4++2&#338'&11233! @85B&9+485!81!+$#9$4 54 444389 3C
34D#5:+!'&9&!1825:1$8! LBB&! $%&! L98@ &+8,8W#I09445&45:! G, CR%&HB$%98348EUB&I45D! $%&! |&+$!
L&9189-#5@&,! #HSIML094458&+&3& @ FE&! $8]23 X B#43#]43450 & @858-4 6! +-#33&9! + OHEEN !
#$-8+L%&I&! '#+! 2+&:1 #+! $%&! +$84 @ %04 8- & ROUB KERFYBEB KD Y04+! 4+ #! +#1&$0! CBEHZHAPR.! + @#3&

-8B 45D!$8! PoMIC!#::9& ++&:! $%HB@D 85 @ &95+! #5:1#338'&:1 &11& @ $4B&IBIAIBEABBI S = >AE"S" )4
#5:13="Q" 1'&9&!145&11&QP4BEI:45D89X VAL, | $9&#$-&5$!'AEHC! 763! L98B4:&:1$%&! 38" &tIHER2!



@85@&5%$9#$485! 45! $%&! L98:2 @ $AIGABRBPL&4903#$485-| @#994&:!82$! 85! + @#3 Q& BIXEID!
9&34#]804D%!04&3:+1#5:1L294$0)

!

*#$+85!#5:1@8'89X&9+!:&B&38L 449038 $485] 849031 +23185#-4:&+,1#!-8$411X58'5!$8!]&!:4118@p2B$!45!

R#-! #-45#$485 >@%&-&BR%)! "&@%#54+$4@! 9&#+854508.4625GC" ) Q/ol #+! $9082! +829@&! #+! 49!
#B84&:! L98]3&-+H#++8@4#$&:! 'ABHL @3&#$485! '4$%! -89&! @8--85! 62! +82%@E&E2 M@ ) ; W
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#903+23185#-1BA485#5:! $%&O&IN0&! 9#$&! 81!62_N'! 8Z4:#%28pHH 1825:! $8! L&9189-! 1&$$&9! 45! $%&!
#903.Q45!+0+$&-,!$%82D%$! $8!]&!:2&!$8! 4$ HABEDILSBEBM 9&H#+45D!+2]+$9#$&!#5485! @ 8BEN&5$9#$48!
34-4$45D! 62! 4598849! L45#@83)! ;! B#94&$0! 81! #903]8368E1+,! #9834 #5:! ; WI03+23185#-4:&+!'&9&!
&Z1L.389&:,'D4B45D! D88:!$8! &Z@&33&5%!04&3:+)! NS! #! 145#3! +%8' @#+&! 81! $%&! -&$%8:838D0,!:92D! 45!
45%4]4$89!Y>EaGUP!'#+!+06&%%Ha88:104&89-23$4Do#- !+ @288 9$#4389 @ 85:4$4 85+
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(4#1#802!:&-85+$9#$&: ! $%#$! @ %&-8+&33ADPBBRAB5! 81! #-458]&5f&5&! +23185#-4:&+!'#+!L8++4]3&!25:&9!
$'8!:411&9&5%! +&$+! 81! 9&#@$485! @85:4$485+! - HAWAGIRIGDB3) #5:! =B,! +&3& @ $4BRD3#$485! 81!
L94-#90+23185#-4:&+!'#+!&11& @ $4B&HHEYEED & 42+ $9#$&+!45!D&5&9#330! D88:104& 3B 38 A8BHHA
#5:1S,N82$4:45&!&5#]3&:1+&3& @BOBESA85!81!1$%&IH#LL&S: &:1#54345&!145+$&#:,1#D#43145!D88:104&3:)
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.83-! #5:1 "8&++5&9! :&B&38L& @#$#30BP@HPRE- | @85:4$485+! 18H90348% 81 +2318246&+! 2+45D!
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#903]89854@! #@4: +1HEDE 8-8:#P&&348945D! +8-&! &BB&S5S$! 04&3:+,! '4$%! $%&! KALDBBASHSA85+
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(a) Primary sulfonamide
O
EtO

HO
NH
0 R
! ©/
SO
0”1~ N
O H

4 examples
30D38% vyield

B(OH)2
Cu(OACc); (2 equiv)

- .
pyridine, CH,Cl,, rt
then hydrolysis

(o)

LI

R = Me, CF3, OMe, Oi-Pr

0” || “NH,
(b) Secondary sulfonamide

H
O\\S N
5 V
Oy Y e
O,N

(c) Multigram symhesis of an API intermediate

o SOZMe

Cu(MeCN)4PFg¢ (0.6 equiv)

Cu(OAc), (0.5 equiv)

2,20-bipy, NaCO3, 5% O,/N,
MeCN, 55 C

BPin
EtsN, MeCN, 5% O,/N,, 10 iC
then MeNH,
MeO,C cl
cl CO,Me Br
Br 63% yield on 15 g scale

(d) Chemoselective N-arylation of sulfonamides/anilines
CuCl (40 mol%)

Et3N, 1,4-dioxane, air, rt /S\\
H,N 29 examples
S/NHZ Ar—B(OH), — 45D84%
N
o’ "o
CuTC (20 mol%) HN
4 _NH,
2,6-lutidine, DMF, air, rt Ar >s{
RN
o O
13 examples
53D92%
(e) N-arylation of sulfoximine
Me
B(OH), Cu(OAc), (10 mol%)
> N
MeOH, rt ’
S
75% vyield
10 other examples
0D93% yield
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L8S$! +05$%8&+4+! 81! |&5f4-4:#{838 WBABHSA85! 81! #5! #-4:458! >@%&-E1THE@I! :&-85+$#B&:! $UoHS!
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(a) Sequential ChanbLam amination/CuAAC

@[ ( )2
i) NaN3, CuSO,4 (10 mol%
OM ) 3 4'( 0) N3

e MeOH, air, rt
- via
= iy NaAsc (0.5 equiv) N oMe

N\
MeOH, air, rt N

OMe
92% yield
10 other examples
63D96% yield
(b) Sequential UllmannbGoldberg/ChanbLam amination
o)
NH,
i) Arll, cul (20 mol%), Cs,CO3, NMP, 120 ¥C | A\ N
\
N " . ’
| N i) Ar2-B(OH),, AgBF,4, ACOH, 3 » MS, air, 80 ¥%C N
H ()
14 examples
14D63% yield

(c) Sequential ChanbLam amination/C-H activation

Me
Me  NH B(OH), Cu(OAC)¥H,0 (20 mol%)
NaOPiv, DMF, air, 50 ¥%4C N
NH, %
1,
MeO then O, 120 ¥.C H OMe

78% yield
21 other examples
6D90% yield
(d) Sequential ChanbLam amination/FriedelDCrafts
Ph

B(OH), Cu(OT, (12 equiv) Me
N
T TeEw00MC _
N

70% yield
23 other examples
40D93% yield

(e) Sequential ChanbLam amination/Dehydrogenation

(0]
o] _ _Ph
B(OH), i) CuCl (20 mol%) N
N/Ph /©/ EtsN, MeOH, air, rt 1
H B ——— N
F i) DMSO, 120 ¥4.C
NH,
F

85% yield
18 other examples

(f) Coupling of acyl azides 62D94% yield
B(OH),

s
o} Cucl (20 mol%) o D
I [ \S — BHOJLH Y

BnO N3 s MeOH, air, rt

77% yield
27 other examples
0D94% yield
(g) Coupling of potassium cyanate

OMe
B(OH), CuBr, (10 mol%) ]
KOCN )J\
Ve MeOH, air, 60iC ~ MeO” "N
48% yield

18 other examples
0D80% yield

$(
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(a) N-arylation of aminotriazole ribonucleosides

R
HzN N NH
;/ N
N{ ) ° B(OH >/_ ) °©
N (OH)2 cyoAc), (1.5 equiv) Noy
AcO OMe R -
o pyridine, 4 + MS AcO OMe
CH,Cl,, 1t o
R = Me, Et, Pr, MeO,

OAc OAc MeS, CF3, F, Cl OAc OAc
13 examples
0-98% vyield

(b) N-arylation of peptides
(o}

CO.H COzH
HN B(OH),
Cu(OAc)z (10 equiv)
07 "NH
/L

HEPES buffer (pH 7.4)

0o air, rt

NJ\NHWSY—DLeu-LRP—NHEt Y-PLeu-LRP-NHEt

\—/

24% conversion
19 other examples
0D100% conversion |
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Ligand Oxidative Reductive
Exchange Arylation AcO_ _OR Elimination o
CuX —— > Cu—OR cu’ — Rt CuX
R-OH 5 Ph3Bi(OAC), 5 Ph
cu(l) Cu(lln |

|
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Ligand Reductive

Transmetalation L x  Exchange L oOR Elimination
—_—

-

CuX, u’ ul ~O<, + cu()
Ar—B(OH), il } Ar R—OH L~ . Ar Ar R
cu(ll cu(lly
Pl )
Reductive
X OR Elimination o
~cu” B —— AN + CuX

L/ SAr Ar R

9
cu(lln) I

!
N5!$%&!1145#3!81!1$%&!$%9&&!454$4#31+$2:4&+,16%#5!1#5:IR#-1+2]+&b2&5$30!L98L8+&:1189-#$485!81!#! €
$%&! %&$&9I8#$8-4@! 52@3& 816243 #5l& IBXK.! $9#5+-&$#3#$485! #5:! 9&:2@$4B&! &34-45#$485! 198-!

q%&$d62d;9r'@8-L3&Z,!]12$!:4:158$! @8--8&5%$!85!$%&!+$92 @$29&!89!874 :#$4 80+ $#$&!81!$%8&!62)
!



18338'45D! =B#54454$4#3! %0L8$%&+4+! 81! 9&:2@$4B&! &34-45#$485! 198-1 62_NNNG! B .D&BEBMH$&! $%&
SOO®BB33-#5!9&L89%&:!$%&! 149+$! &Z#-L 3&! BM#ERUNEWBPRH-! $%o#$! #338'&:!1 +8-&!#::4$485#3! 45+4D%$!
S>@%E&-BH FE1J%&! @8-L3&Z!M62 ¢I?=K;n 63! >[1'#+!1825: $8! &5#]3&! $%&! @#$H#IOPRE! 6%0#5
#903#$485! 81! 4-4:#{83&+)! JO#5+-&$#3#SABRIB# €1 88! B8 #@ @& ++! $8! -858-&94@! 62_NN'! @&L3&Z!
;++8@A4#$485! 81 PEERA 3& 8L %43&! &5#]3&+! #@ @& ++! $8! 62>NN%B@EBABLKIDE&+! 824:#$485! 2+45D! »
J#+&:185! =B#5+L.98L8+#3,! $8! DAB&! $%&! 9&b249&:! 62_ NNN MELR@BEBE! &34-45#3$485! G2 DUB
@8BLRZPG!'%4@%! 25:&9D8&+! 874:#$485! 14BY8-L3&$&! $%&! @#$#30$4@! @O@3&)! "89&! 4-L.89%$#5$3C
-&@%#54+$4@! +$#5:L845%,! $%&! 9&#34T#$A485! $%o#P! $%&! +2]+$I#B&! #11&@$+! $%&! 62_NN'! 9&:2@
189'#9:) ' 1>L&@414@#330,!$% 8143 QO&IBEH: 450! #$!LI8L8+&.:!62! @8-LBEZA! $8!$%8&! LI&+&5@&!81!$%0&.!
#903!#5;! W2 @3&8L%43&! '#+! LOBL8+&:! $8! &5#]3&! -89&! 1#@EBNBIN N 4:#$485! 2+H513/90! +885!

#1$&9,! R#-! L98L8+&:! #! +4-43#9! -&@%#54+-! 189! $%&WBB3BH&:! B2A5#$485! SHOL&IB#3 HI3!
+438Z#58M#5: ! +2]+8&b28&5%$30,! 1#B89&:! $%&! 62_NNN'! -&@%#54+-! 1 8GH-B%&5HB485! >@%&-&!

) &0

|

<#3$"0"*CXP #'16833-#5i+!L98L8+&:!-&@%#54+-)! ] |R#-i+!L98L8+#3!1#B8945D!62_NNN")

(a) CollimanOs proposed catalytic mechanism using [Cu(OH) TMEDA],CI,

Oxidative Turnover

0,, H,0

Me Me
A2

I:::Cu—CI

/ \
Me Me
14
Cu(l)

Ar—NR,

Reductive Elimination

cu(ilny

Me Me
\ s

el

el

cu’ E |t

Me  Me
\ o/

Transmetalation

At Ay Ar—B(OH),
e e e e
10 B(OH)3
cu(ln

H,0 O,

Me Me
A4
N. _Ar
C, ceul
N Cl
/ \
Me Me

11
cu(lly

""""""""""" M -e---’\/-le----‘ﬁ\ RoNH
\ A\ H

AT , Ligand Association

cu(ln

Oxidation

(b) LamOs proposed pathway favoring Cu(lll)

Coordination and
Deprotonation

_—

R,NH, base

Cu(OAc),

Ar—NR, + Cu(l) ~———— U

--------------------------

Reductive

Elimination 1 X _ _Ar
fast 17

Cu(lln

E O, or

! Dlef)Tdisproportionation '
Transmetalation | |
. —— ~

Ar—B(OH), | L

Ar

-

slow R_ed_ucti_ve
Elimination

Ar—NR, + Cu(0) ]

%_
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