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Outline

* C-H Bond Borylation
e C-N Bond Formation

* -Arylation of Carbonyl Compounds



C-H Bond Borylation

* regiospecific borylation of methyl C-H bond
* borylation of arenes and heteroarenes

* sencondary C-H bond borylation



The Beginning of Research Career: The Chemistry
of Transition-Metal Boryl Complexes

@ BrBPh,
Fe. --——2; 0% Na[CpFe(CO),]
oC l ~ BPh, b
oCc 1b | HBcat 65%
.’ yﬂ% ClBcat
60-95 °C 2
20-90 % 180% @
JFe, O
Fp-H oC 1a *
p-H+  NHEt
Et,NBCat 4——2/ Br
2

Fp-Br + BrBCat

Hartwig, J. F; Huber, S. J. Am. Chem. Soc. 1993, 1 15, 4908.



Hydrocarbon Functionalization by Iron

Catecholboryl Complexes

SN Beat PhH
90% + hv,1h
\/\/\/Bcat v, Cp /
9 F ‘
10% hv. 1 h oc’ & Bcat

co
HBcat + [CpFe(CO),l; —Tyin hv, 1h

60% 56%. pentane | QOMe

hv, 1 h
Me MeO

@Bcat + @Bcat + MeO

1:1.6:1.1, 52%

QBcat

87%
@Bcat + —< :)—Bcat
1.1:1, 70%
Bcat

Waltz, K. M.; Hartwig, J. F. et al. ]. Am. Chem. Soc. 1995, 117, 11357.



Stoichiometric Alkane Borylation by Tungsten

Boryl Complex
O

OC: W_B(

OC CO O
o () e
Cp
OC:  :CO N /L/\ ,
OC" “Beat' Bcat'

0 Bcat'
22% NN 55%, 2%
cat'B

74% 85%
0C O et Y 0C P et _RH oc P R-B
iW\Ca i Jwtca - 'W\ + -Beat'
oc” Yo O o¢” +CO  oc” ™Nco

Wialtz, K. M.; Hartwig, ). F. Science, 1997, 277,21 1.



Catalytic Methyl Functionalization under

Photochemical Conditions

2.4-5.0 mol% Cp*Re(CO),
hv, CO, 25 °C

R-H (neat) + Bypin, > R-Bpin + HBpin

Bpin
A7Ca Bpin <:>—/ n-Bu’O\/\/\ Bpin t—Bu’O\/\ Bpin

95% 75% 100% 82%
R- Bp;n + Bopin,
pinB— Re —CO OR PinB- Re CO Cp*Re(CO),(Bpin),
pinB_ ’,R pinB”~ ’j' R
H
CO H-R

Chen, H.; Hartwig, |. FE. Angew. Chem. Int. Ed. 1999, 38, 3391.



Catalytic Methyl Functionalization under Thermal
Conditions

4
. 5 mol% Cp*Rh(n"-CgMeg)
H11Cs/\/ + Bopiny -

150 °C
Hy1Cs~ " “Bpin + Hy
88% vyield
2.5-5 mol% Cp*Rh(n"’-CeMes)‘

R_CH3 + szinz

~ R-CH.Bpin + H
150 °C, 14 h 2P 2

pinB
O/\Bpm )\/\/\/BP‘" * J\/\/\
49% I l 73% (5:1)

o~ OO F Bpi
Bpin X/\/\Bp'n NN NN pin
91% 74% 83%
Bpin
_/_ Bu-N
nC8F17\/\ Bpm < :N U2 \/\/\Bpm
90% 55% 75%

Chen, H.; Hartwig, |. F. et al. Science, 2000, 287, 1995.
Lawrence, |. D.; Hartwig, J. F. et al. . Am. Chem. Soc. 2004, [ 26, | 5334.



Regiospecificity of Primary C-H Bond
Functionalization
Is this step reversnblf_\ ﬁ

or irreversible? Hw Rh wH

> =% e

Hum Rh "Bpln — Hw~ Rh

p|nB H plnB( “\‘;:\ \ﬁ, "
+ HBpin ™ I
7R Hu-Rh-H — - )\

pinB 7/Me Bpin + Cp*RhH,
R

does this step occur?

R
— "“"Bpin + Cp*RhH,

AAG=6.5 kcal/mol (RO) _______ ‘R

2° rxn coord
-

1° rxn coord

T rn
H "oy (OB R "an"
[Rh] (R~ + (RO),B-R
(RO),B +RH  (RO):B ?

Wei, C. S.; Hartwig, J. F. et al. ]. Am. Chem. Soc. 2010, 132, 3078.



Iridium-Catalyzed C-H Borylation of Arenes and
Heteroarenes: Catalyst Screening

@_ Ir(l) precursor-ligand {/ \5
in,B, *+ 2 > 2 pj
P22 s~ M€ hexaner2s ‘2 PNBTNg” Me
(1 equiv.) (2 equivs.)

X = X
ligand =
A AW
Entry Ir(l) Precursor Ligand Yield [%]®!
1 1/2[Ir(OMe)(COD)], dtbpy 95
2 1/2[IrCI(COD)], dtbpy 0
3 [I(COD),]BF, dtbpy 0
4 1/2[Ir(OMe)(COD)], none 0
5 1/2[Ir(OMe)(COD)], bpy 85
6 1/2[Ir(OMe)(COD)], 3,3'-di-Me-bpy 61
7 1/2[Ir(OMe)(COD)], 4,4'-di-Me-bpy 87
8 1/2[Ir(OMe)(COD)], 5,5'-di-Me-bpy 86
9 1/2[Ir(OMe)(COD)], 6,6'-di-Me-bpy 0
10 1/2[Ir(OMe)(COD)], 4 ,4'-di-NMe,-bpy 91
11 1/2[Ir(OMe)(COD)], 4,4'-di-OMe-bpy 90
12 1/2[Ir(OMe)(COD)], 4,4'-di-Cl-bpy 35
13 1/2[Ir(OMe)(COD)], 4,4'-di-NO,-bpy 0

Ishiyama, T.; Hartwig, J. F; Miyaura, N. et al. Adv. Synth. Catal. 2003, 45, 1103.



Iridium-Catalyzed C-H Borylation of Arenes and
Heteroarenes: Substrate Scope

1/2[Ir(OMe)(COD)],-dtbpy
pinBH + H—Ar pinB—Ar + H,

(1.1eq.) (1.0eq) hexane/25 °C
t-Bu Bu!

=0 o o Entry Product Yield (%)* E Product Yield (%)?
pinBH = B—H dtbpy = \ p \ / ntry Produc e o ntry Produc ie o
—~0 N N oN
pinB Cl
1 < 2 73% (8 h) 7 meQ 74% (2 h)
Cl
Br
Cl CN
2 pinB 22% (24h) 8 pinBQ 83% (1 h)
CF,
OMe
3 pinB 86% (8h) 9  pinB 73% (24 h)

o)

Fs

4 pinB

3

67% 8h) 10  pns—< | 99% (0.5 h)
N

BsWeWes

CO,Me

5 pinB 70% (24h) 11 pins—" | 90% (1 h)

6 pinB 80% (8 h) 12 pine— | 99% (2 h)

2,
338"

Ishiyama, T.; Hartwig, J. F; Miyaura, N. et al. Chem. Commun. 2003, 2924.



Further Functionalization of Arenes via Iridium-
Catalyzed Borylation

R

R
[Ir], dtbpy
Baping BF K
R

R KHF
R'X (X =Br, |, OTs)
R' —= Bpin R
[Pd], base \
R CuBr, QBr
NaIO4 R

|THF/H20
R R R
ArOH, [Cu] H,NAY, [Cul
OAr — B(OH), » NHAr
R R R

Murphy, J. M.; Hartwig, J. F et al. Org. Lett. 2007, 9, 757.

Tzschucke, C. C.; Hartwig, . F et al. Org. Lett. 2007, 9,761.
Murphy, J. M.; Hartwig, . F. et al. . Am. Chem. Soc. 2007, 129, 15434.
Liskey, C. M.; Hartwig, ]. F. et al. . Am. Chem. Soc. 2010, /132, 11389.
Robbins, D.W.; Hartwig, |. F. Angew. Chem. Int. Ed. 2013, 52, 933.



Silyl-Directed Borylation of Arenes

R R'MLn, B,pin, R\©/R'/G ML, B,pin, R\QG
= directi Bpin

G = directing group

Bpin
Bopin, (1 equiv), HBpin (5%)
[Ir{cod)Cll, (0.25%) |
@’/\SIMGQH dibpy (0.5%), THF,80°C g\SMeZH
= g P
R 5 Bpin
MeO
(j\&MeZH R © \@\SiMezH Me
Bpin SiMe,H Bpin SiMe,H
MeO Bpin 8b R = Bpin, 9% Bpin
7aR = H, 60%, 7b R = Bpin, 21% 9, 75%

Boebel, T.A.; Hartwig, J. F. . Am. Chem. Soc. 2008, /30, 7534.



One-Pot Ortho-Borylation of Phenols

1. Et;SiH,, [Ir{cod)Cl], (0.5%), CgHg
2. Bopin,, HBpin (5%), [Ir(cod)Cl], (1%)

- (j/OH dtbpy (2%), THF, 80 °C . e ol
Z 40 3 4MKHFq), THF \13/\BF3K
[ir] H,0

B>pin,, HBpin
2P, HEP! OSIELH

X OSiEtH [Ir], dtbpy X
R / - R
Bpln
C[BF K C[BF K EjiBF K C[Bﬁ

14, 96% 15, 89%3" 16, 100% 17, 86%3P
BF ;K
RN coRe o
BF 3K BF ;K 0
18, 82%3°¢ 19, 94%]3.0 20’ 790/08,.13

Boebel, T.A.; Hartwig, J. F. . Am. Chem. Soc. 2008, /30, 7534.



Silyl-Directed Borylation Catalytic Cycle

HBpin
BnSiMe,H
2 (N;,_.Ir‘.\SiMez
N"" | ~~Bpin
{Bu e Bpin

| =N, | «Bpin _ ( ', \Bpin 24
i /N" "Bpln N” Bpln
tBu Bp'” p'“ Bpin
SiMe;H |
p|n szlnz (Nv“' \H
BP'” 25

Boebel, T.A.; Hartwig, J. F. . Am. Chem. Soc. 2008, /30, 7534.



Silyl-Directed Borylation of Indole Derivatives

1) [Ru(p-cymene)Cl3], (1 mol%), likely via
Et,SiH,, PhMe, r.t.
\ 2) solvent removal ©j>
©\/,\> 3) [Ir(cod)ClI], (0.25 mol%), @
H dtbpy (0.5 mol%), Bopin, (1 equiv.) Bpin __~_ \SIEtz
HBpin (5 mol%), 80 °C, THF N’ \Bpm
4) 3M aqg. NaOAc Bpln

@3 %Ph& V @3
88% 40%
\ Pd cat 75%
Bpln A\
cinnamyl CuCl; N
H
ClI

acetate
52%

Robbins, D.W.; Hartwig, ]. F. et al. ]. Am. Chem. Soc. 2010, 132, 3078.



Borylation of Secondary C-H Bond

<07 ' A/O\B—B/O\L [Ir], Ligand g ©
/ \O/ 120 OC

/0 \ .
B,pin, Bpin
entry source of Ir ligand catalyst yield (%)“
1 [Ir(COD)OMe], Me,phen 10 mol % 70
2 [Ir(COD)OMe], phen 10 mol % 48
3 (#°-mes)IrBpin, Me,phen 4 mol % 104
4 (#°-mes)IrBpin, Me,phen 4 mol % 72b
H NG \ X
CN,\I . Bpin : «Bpin
N” | ‘Bpln g CN' ~~¥Bpin
Bpin Bpln

Liskey, C.W.; Hartwig, J. F. .Am. Chem. Soc. 2012, |34, 12422.



Hydrosilane-Directed Borylation of Secondary
Benzylic C-H Bond

Bpin
N R? [Ir(COD)OMel, (0.5 mol %) R2
R1—— . Me phen (1.0 mol %) X
| _ + szlnz 5 » R1|_
SiMe,H THF, 80 °C, 18 h 7

SiMe,H

HBpin N SMe2
N" l\Bpin
] Bpin
(©) R
N, l‘\\Bpin N, Bpin
C1r - 7 H
N/ |\Bpin N I|3\_Bp|n <N ,,,,, |'_ ..... 'SiMe,
in
Bpin P N* | “¥Bpin
(A) (B) Bpin
(D)
2
R
szinz .
( """ et Si Bpin
N
Bpin (E)

Cho, S. H.; Hartwig, ). F .Am. Chem. Soc. 2013, 135, 3375.



Summary

Cp*Rh-Catalyzed Regiospecific Borylation of
Primary Alkane C-H Bond

meta-Borylation of Substituted Arenes
Silyl-Directed ortho-Borylation

Ir-Catalyzed Secondary C-H Bond Borylation



C-N Bond Formation

* direct amination of arenes and heteroarenes

* hydroamination of olefins



Early Work On Cross Coupling of Aryl Halides
and Tin Amides (Buchwald-Hartwig Amination)

0-Tol)3P],PdCI
OBr * BugSINR, 90 )131(32"0 - @NR?

75-85%

o-Tol)5P],PdCI
@Br + BugSINR, Lo ToePlePdCly @—NRZ
R \— toluene, 105 °C R —

55-88%

L,PdX

L=(0-tolyl)sP 1
(NHR,)PdX

L,Pd (3) l‘educuon} Z&R_fd)e 2

v \
L-Pd PdL= B B
N AI'/ N/
n=1,2 /Pd\
Ar L
4a, AI_C6H4- -Me

BrSnBu; R;NSnBu, 4b, Ar=C¢H,-p-Bu
Paul, F; Hartwig, J. F et al. . Am. Chem. Soc. 1994, | 16, 5969.
Guram,A.S.; Buchwald, S. L. . Am. Chem. Soc. 1994, 1 16,7901.



Direct Aryl Halide Amination by Amines with
Bulky Bases

[(o-Tol)3P],PdCl,

or Pd(dba)./P(o-Tol
{i:j>H—Br + HNRIR? (dba),/P(o-Tol)s <§:j>__NR1R2
R\— LiHMDS or NaO1Bu R\—

L,Pd
NR'+LPd
-H +
ArH + ] Ar-NRR' Ar-X
Rll
LPd
R"
§
H\ yd NR' (R/R'—alk |) R ' /Ar Ar\Pd/ )
L/Pd\A Y LR L=P¢ = ¥ %
r \Ar X
R
H.! R
N
Base-HX '
Base

Louie, |.; Hartwig, |. F. Tetrahedron Lett. 1995, 36, 3609.
Guram,A.S.; Buchwald, S. L. Angew. Chem. Int. Ed. 1995, 34, |348.



A Second-Generation Catalyst in Aryl Amination

t-Bu t-Bu

NaOt-B HNR1R?2
(dppf)Pd<B T~ (dpph)PK -
r THF Ot-Bu
t-Bu
GQ 25-75°C
(dppf)P IR - FBu—*<::>%—NR1R2

5 mol% (dppf)PdClI,

NaOt-Bu
@Br + H.NR > @NR
= 2 2
R THF, 100 °C R —

82-96%
<\/'_:__\\ IF\)ld(C()j?aB)Z/dppf <//'_:._\\
W, / \ aOIl-bu ‘ N
- OTf + H,NR > N/
RQ 2 toluene, 85 °C A NR>
up to 97%

Driver, M. S.; Hartwig, . F. J. Am. Chem. Soc. 1996, 118,7217.
Louie, J.; Hartwig, J. F. et al. |. Org. Chem. 1997, 62, 1268.



Substrate Scope with Amines

@Br o iRz FA0R)PEBU) @—Nﬂmz
R\— toluene R\—

+ 25-70 °C
base

NH.
Ar,NH + NaOt-Bu
85-97% + NaOt-Bu

87%

=
R_m +Cs,CO 7
XN ¥ PN + NaOPh

H H.N~ ~Ot-Bu
64-83% 59-86%

Hartwig, J. F; Kawatsura, M. et al. J. Org. Chem. 1999, 64, 5575.



High Effiecient Chloroarene Amination Catalyzed
by A Third-Generation Catalyst

Pd(dba)s, 0.02-2 mol%
Ligand 1, 0.08-2 mol®%

ArCl + NHRR' ~  Ar-NRR’
NaO-t Bu, DME

Ar = unactivated aryl, it -100°C (71% - quant.)

heteroaryl

NHRR'=1"and 2’ aryl;
2° acyclic and cyclic alkyl; imino

N\\’:;N

Stauffer, S. R.; Hartwig, |. F. et al. Org. Lett. 2000, 2, 1423.



A Fourth-Generation Catalyst Applied to Wide-
Ranged Amines and Mild Reaction Conditions

BANE ] SRS
. GCI +RNH, PdOAc), OyPF-Bu, @NHR
SRR~ NaOt-Bu/DME NS

25-100 °C
60-99%
- ©/0|+R'NH2 PA(OAC), CYPF-Bu_ 7 NHR
N NaOt-Bu or LIHMDS N
DME, 75-100 °C
61-99%

R = alkyl, OH, OMe, CN, (CH,),,OH, CH4CO, HOOC, H,NCO

~

P(t-Bu

CyPF-Bu = Fe

<

N CyPF-Bu)PdClI., (0.05% AN
| X +RNH, (©y JPdCl, (0.05%) | NHR
N NaOt-Bu/DME, 80-110 °C N/)

X=Cl, Br, | 70-96%

Shen, Q.; Hartwig, ]. F et al. Angew. Chem. Int. Ed. 2005, 44, 1371.
Shen, Q.; Hartwig, J. F. Org. Lett. 2008, /8, 4109.




Aniline Derivatives from Direct Amination

Z X

R |
>

+ Zn(HMDS),

X=Cl, Br, OTf

A .
R— | +NH3 or L|NH2

X=Cl, Br, I, OTf, OTs

(1) Pd(dba),/P(t-Bu)s

LiCl or BuyNBr = NH,
THF, 25-85 °C al |
(2) HCI X
80-97%
(CyPF-Bu)PdCl, NH,
- =
NaOrBuy R~ | + ArNH
DME, 90 °C X
A B
64-94%  AB >10:1

Lee, D.-Y,; Hartwig, J. . Org. Lett. 2005, 7, 1 169.
Shen, Q.; Hartwig, J. . J.Am. Chem. Soc. 2006, /28, 10028.



Recent Published Work on Cu-Catalyzed
Amidation of Unactivated C-H Bond

Cul (2.50/0)
(MeO).Phen (2.5%)

H o)
O/ " R)]\NHQ

A o) )
L + O 2.5mol% 5 \ﬂ/ ratlo
Ph™ "NH, (10 Sauiv) 2 tBuOOtBu 1.0
(o]
o CeHg 100°C j\
+Ph)\Ph 18 h Ph o Ph 24
+
(3 equiv) )J\
NH, 1.1
B o
/U\ + O 25mol% 5
Ph™ "NH; (10omi 2 tBuOOtBu
equiv 0
CeHe, 100 °C single product
OGP
+ (tBuOH)
(3 equiv)
"o O
(0] +
Ph™ "NHy (10 equiv) 2.5mol% 5
+ CBry 2 tBuOOtBu, CeHe
(2 equiv) 100 °C, 24 h 90%
B 2.5 mol% \M\
LT CBr, Cul/MeO,Phen N 1.7(12:1dr)

tBuOO(tBu (1 equiv)
CeHs, 100°C, 24 h

86%

(20 equiv)

\%\

Tran, B. L.; Hartwig, |. F. et anAm Chem Soc.

O“wr“
BUOOBU, benzene, 100 °C O

up to 84%

(phen)Cu—phth

1-phth
Cy-phth Hphth
tBuOO(Bu
p hth
(phen hen Cu
Nohth (phen) 1 -phth,
Cy +
CyH

«<«———— {BuO-

y TLS \\
Me-phth «——— Mes «——/
1-phth, S-Me 1/2 tBuOOtBu

2014, /36,2555.



Pd-Catalyzed Olefin Hydroamination

Pd(PPh3),/TfOH
or Pd(TFA)»/dppf NRAr

or (dppf)Pd(OT),/AgOTf )\
100 °C or 25 °C Ar

NH2 Ty
O/\ Pd(OTY), NHPh
(R)-BINAP
> F.C
F3C NN + 3

25°C,72h
80%, 81% ee

Ar” X + HNRAr

R OTH
(
/l\ P OTf
/
Ar”SNAr ar—
RO " ArNH,
\Q CHy 1% CHs 1%
NH oTf" OTf‘ A
@A —ro 2 L,Pd— b or LoPd— ( a7
L Pd(OTf) toluene OTf
2 2 -
Lo = (R)-Tol-BINAP R=H, 1a R /H ot
R=OMe, 1c R C P }—NHQAr Pd__

Ar

5\ +0Tf-
ArNH C pd ‘“Af

Kawatsura, M.; Hartwig, ]. F. . Am. Chem. Soc. 2000, /22, 8546.
Nettekoven, U.; Hartwig, . F. J. Am. Chem. Soc. 2002, /24, | 1 66.



Bronsted Acid-Catalyzed Intramolecular
Hydroamination

Ph TfOH or HQSO4 D\
(20%) Ph

[ ~_NTs - N
toluene

Ts

@)

H
N TfOH R
Ar” X > N\
m toluene F?Q( Ar

Schlummer, B.; Hartwig, J. F. Org. Lett. 2002, 4, 1471.



Hydroamination of |,3-diene
Q wOrgar OO o

2 o 8
- TE o o T ow w o é
EE333353118
— VeGP CeTIVEV
Pdor): (D P S S PDODO
Paraivc, (9P PP SOPOOOW

rrcovizer: DD PP PPV POOO W
trcoo,iF. (@00 VPOOO
NicoD) @@ @ @@ 9SO A

. 9009 ODN O
[(cymeme)RuCl,], ‘@@Q G‘ Q)Q Q.}

Ni(COD),/DPPF

- -

Entry Product Time (h) Yield (%) Entry Product Time (h) Yield (%)

1 C>—Nrst2 20 78 9 Q—NHCHth 60 85
2 Q—ND 20 82 10 C>-N8n2 13 56
3 N b 20 80 11 QNan 72° 71
4 Q—NMeBn 20 89 12 QNMeBn 43 91
5 (_)»-NHBU 7 89 13 QNMeBn 60 94

/N
6 Q—NHBn 6 93 14 N_©O 60 83

7 Q—NHCy 37 82 15 QNMeBn g  38°

Q_NHPMB 30 87 6 20X 05 839
NMeBn

e}

Pawlas, J.; Hartwig, ). F. et al. . Am. Chem. Soc. 2002, | 24, 3669.



Exchange Amines with Allylic Amines

5% Ni(COD)DPPF

NR 'R? 10% TFA NR’R?
+ HNRSR? = - + HNR'R?
RT, 24-72 h

THF or THF-d

2:3=67:33(GC) 3:4=56: 44(HNMR) 4:1=60:40 ("HNMR)
2:4=70:30(GC) 3:1=63: 37(HNMR) 4:5=288:12(GC)
2:1=77:27(GC) 3:5=85:15("HNMR) 1:5=85: 15 (GC)
2:5=93:7(GC)

&Hex ij/\@\ & NBu2

Pawlas, J.; Hartwig, ). F. et al. . Am. Chem. Soc. 2002, | 24, 3669.



Tropene Derivatives from Hydroamination of

Cycloheptatrene
2% Pd(TFA),

4% Xantphos
10% PhC02
+ PhNH,
0 PhMe, 110 C

1 3a, 80% 4a 120/0

RN

eﬁl|§)/[ LnPd—©]\&H+
I

ﬂfb/\PdLn O

L,Pd
a

28 f
RHN
SIS

PdL

Sakai, N.; Hartwig, ). F. et al. . Am. Chem. Soc. 2006, |28, 81 34.




Rh-Catalyzed Anti-Markovnikov Hydroamination

©/\ iy 5% [Rh(COD)( DPEphos)]BF4
DPEphos = ©\ /@ ©/\/

5 mol% )
PhaP PPhy N [Rh(cod)(DPEphos)BFy ™ NRR
HNRR' + R-O/\ toluene, 70 °C R
Z
entry amine vinylarene time (h) yield? (%) amine/enamine®
1 la 2a 48 71 75:25
2 la 2b 48 72 79:21
3 la 2¢c 48 71 85:15
4 la 2d 48 70 78:22
5¢ la 2e 72 48 60:40
6¢f la 2f 72 41 57:43
78 1b 2a 72 57 63:37
8 1b 2d 48 66 77:23
98 1c 2a 72 58 86:14
10 1d 2a 72 53 96:4
118k le 2a 72 51 76:24
12 1f 2¢ 48 62! 72:28
13 1g 2b 72 504 54:46
144 1g 2d 72 74 82:19
15 1g 2g 48 794 90:10

/~ N\ _ R
HNRR' = HN X 1e:2,5-Mex-morpholine vinylarene= R—

s Z
1a:X=0 1f:Hr\® 2a:R=H 2e:R=4-Cl
1b:X =CH, 2b:R=4-Me  2f :R=3-CF,

® H 1c : X = N-Ph ) 2c :R=4-MeO 2g: 2-vinylpyridine
Rh” =\ Ar 1d: X =N-CO By 19 FiNMez 2d :R=3,4-MeO
N A R R Ar
N- R \ r ANE—/
! ® N ® A\ ® )\ Me
R Rfll =—™ Rh R Rh N
N Y U
B R A Ar R
HN  reductive reductive elimination B- hydrogen
Ar ‘= elimination or elimination only
favored  g-hydrogen elimination

Utsunomiya, M.; Hartwig, J. F. et al. . Am. Chem. Soc. 2003, |25, 5608.



Intramolecular Anti-Markovnikov Hydroamination

I\|/Ie I\I/Ie
5% [Rh(COD)(DPPB)|BF, N N
A JI\/\/ N H Me > + Lj
' THF (1 M) Ar Ar
temp (°C)/ yields: amine@
entry Ar time (h) (%) enamine® (%)
1 Ph 80/24 76 4
2 4-OMeCgHy 80/24 78 1
3 4-OMeCgHy 70/48 83 1
4 4-FCgHy 80/24 78 3
5 3,4-OMeCgHj3 80/24 82 3
6 3.4-FCgHj3 80/72 71 trace

Takemiya, A.; Hartwig, J. F. .Am. Chem. Soc. 2006, | 28, 6042.



Hydroamination of Unactivated Olefins

Intramolecular
' (
NHMe
Ph 2.5 mol% [Rh(COD),]BF,, L N PCy,
Ph \ dioxane, 70 °C Ph L= MeN O

Intermolecular

2.5 mol% [Ir(COD)ClI], R
R1—/| A\ v A Re 5.2 mol% (S)-DTBM-Segphos \/ \
XN
H

> N
EtOAc (0-2 equiv.) )\
octane, 100 °C, 24 h R2

anti-Markovnikov up to 88%

(1) CpoZrHCI (1.0 equiv.)

R/\ THF, 25 °C . R/\/NHR'
(2) HRNOSO,H (1.5 equiv.)
50 °C R' = H, Me

up to 94%

Liu,A.; Hartwig, J. F. J.Am. Chem. Soc. 2008, /30, 1570.
Sevov, C. S.; Hartwig, |. F. et al. . Am. Chem. Soc. 2014, |36, 3200.
Strom, A. E.; Hartwig, J. F. J. Org. Chem. 2013, 78, 8909.



Hydroaminomethylation of Unactivated Olefins

1-octene (1.5 equiv.)
R. He
R\N,Me [TaCl3(NEts),]» _ H/\( X
H benzene, 150 °C Me

up to 96%

product NMeR

XgTa HNMeR
HNMeR “NMeR '“\\ix
R R \
N
T

e
xsTa_ CHe xga\J
NMeR

|
N }\
/\
S\ X3Ta/\l Z R
HNMeR R

Herzon, S. B.; Hartwig, ]. F. . Am. Chem. Soc. 2008, /30, 14940.



Summary

* Amination of Arenes and Heteroarenes by Four
Generations Palladium Catalysts

* (phen)Cu(l)-Catalyzed Amination on Alkyl C-H
Bond

* Controlled Regioselectivity of Hydroamination of

Styrene Derivatives and Unactivated Olefins



& -Arylation of Carbonyl Compounds

* ( -arylation and heteroarylation of ketones,
aldehydes and carboxylic derivatives

* (-arylation of activated enolates



Palladium-Catalyzed & -Arylation of Ketones

o) o)
H\)L ,, Pd(DBA), Ar\(lk
; R" + ArBr — > ) R
RR R"=aryl,tBu L L RR'
base
©|"‘Pph2
A O DPPF= Fe
I
)((Ar. £ PpPph, 1\
R R (DPPF),Pd(0) Y//;>—X
QA (DPPF)Pd’Ar
Pd(DPPF) .
Ar-)F?(R \/< o %
R7/(%\r'
+ base

Hamann, B. C.; Hartwig, J. F J.Am. Chem. Soc. 1997, 119, 8232.



o -Arylation of Amides and Esters

o Pd(dba),/BINAP o

ArBr + )J\ KHMDS _ Ar\)]\
NMe, dioxane, 100 °C NMe,

up to 72%
Bry Pd(dba),/BINAP
@ JJ\ NaOt-Bu _
N >
n

7 N\
o-Z
@)

THF, 75 °C
B
60%
,?\r
N O (PANIB)PA.
| — W
HPANB)Pd L ="
Y Ay
Y =R, OR, NR,
0 0
1 Pd(dba)./L
R%ORB X rps K ORS
71-98%

Shanghnessy, K. H.; Hartwig, J. F. J. Org. Chem. 1998, 63, 6546.

Lee, S.; Hartwig, ]. F. et al. |. Am. Chem. Soc. 2001, /23,8410.



o -Arylation of Nitriles and Aldehydes

R CN Pd(OAc)/BINAP A CN
or Pd,(dba)./P(t-Bu r
ArBr + Y 2 )o/P( )s > Y

R2 LiIHMDS, 70-100 °C R! R,

up to 99%
2% Pdy(dba)s/Xantphos

ArBr+ TMS”™ “CN : > Ar” “CN
0.5 equiv. ZnF,, DMF, 90 °C

68-92%
Pd(n3-allyl)Cl CHO
R1\KCHO .\ R3©/X Ejpp(fnor Q}lp)ho]s2 _ @/k\m

R2 X 2 equiv. Cs,CO3 R3- || R2
X = Gl Br THF, 80-90 °C X
61-93%

@P(FBU)Z
- — Fe
Q-phos = p, Ph
Phb\Ph

Ph

Culkin, D.A.; Hartwig, J. E J.Am. Chem. Soc. 2002, |24, 9330.
Wu, L; Hartwig, J. F J.Am. Chem. Soc. 2005, /27, 15824.
Vo, G. D.; Hartwig, J. F. Angew. Chem. Int. Ed. 2008, 47,2127.
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Ge, S.; Hartwig, J. F J.Am. Chem. Soc. 2011, 133, 16330.



Asymmetric ¢ -Arylation and Heteroarylation of
Ketones

Ni(COD)+ (R)-BINAP I"|‘ oD OO Ph, \
P<yo.
i‘COD ’ 4 > p- NI
toluene, rt Ph,
[(R)-BINAP]Ni(COD)

0
5-10 mol% [(R)-BINAP]Ni(2-NC-Ph) (4) Ar
+ ArX ) X >
=01 2 equiv NaO'Bu, toluene, rt =01
entry  ArX X yield (%) ee (%) entry ArX X yield (%) ee (%)
n =0, (entries 1-10) 2 X cl 92 >99
1 X o~ OMe ¢ 91 >09 g \©\CF Br 96 >99
3
2° \/l Br 95 >99 gb X\@\ Cl 72 >99
b X PAN c
3 ANF | Cl 64 98 10 CO,Me Br 50 98
N Br 74 99 7 (entries 11-12)
5b X\/\| Cl 93 99 q1b X\Q Cl 59 95
c Br 61 98 b Br 74 83
6 \/\CN 12 CF3

Ge, S.; Hartwig, J. F J.Am. Chem. Soc. 2011, 133, 16330.



& -Arylation of Silyl Enolates

OTMS O
1% Pd(dba),, 2% P(t-Bu
R%oaz o Pd(doa)y, 2% P(t-Buls _ Ar%ORQ
0.5 equiv. ZnF,, ArBr 1M
Me DMF, 85 °C R™Me
67-99%
OTMS Q
1 5% Pd(dba)p, 10% P(t-Bu); g
R O\%\OR3 + ArBr : -0 OR3
0.5 equiv. ZnF,, DMF, 80 °C
R2 R2 Ar
50-75%
o OTMS o 9
XN JSUR? gy 57 Poldba)s 10% P(t-Bu); )kN)K/RQ
+ ArBr , o~ O :
O\/l' 0.5 equiv. ZnF,, DMF, 80 °C \// Ar
“a R
50-70%
dr>80:20
O
OTMS oy PA(0AC);/P(E-Bu)g )K(Bn
r y
x-Bn * BugSnF/CsF, 85 °C
Ar
70-97%

Liu, X.; Hartwig, J. F. J.Am. Chem. Soc. 2004, /26,5182.
Su,W.; Hartwig, J. F. et al. Angew. Chem. Int. Ed. 2006, 45, 5852.



¢ -Arylation via in-situ Zinc Enolates

O
L 0
2% Pd(dba),/Q-phos
ZnBr - THF ArBr, dioxane, rt. NEt,
A
ZnBr,, THF
s-BuLi Q
THF, 78 °C NEt,
O
)kNR 1.2 equiv. s-BuLi  24equiv. ZnCl, 1% Pd(dba),/Q-phos
. THF, -78 °C rt. ArBr
1.2 equiv.

Hama, T.; Hartwig, J. F. et al. . Am. Chem. Soc. 2006, | 28, 4976.

@

Ar\)J\NRz

>90%



Copper(l) Enolate-Mediated & -Arylation:
Synthesis of Cu(l) Enolated Complexes

R, R?

X .
©/ ¢ RI_R? Cu(l). ligand _ R' R2= CO,R,
base COR, CN

CuOtBu L I
+ RLc’Rz —l R1\ R2_| N/-\N
H, N\Cu/ H [
74 \ RT, 5 min {4 >
=N N= CeHe U 7/ \
2 equiv —N N=
O ©
T R A =0 S
LIS mear &*
H
1 74% 2 72% 3 R =Et, 82%,
4 R =Me, 59%
o e
+
NsCUl " o — INCul T — q
W/k Ph\.‘/l\OR N
H {IN,Cu = Cu
5 77% 6 R=Et 72%, | N N
7 R=Me, 81% | N

Huang, Z.; Hartwig, ). F Angew. Chem. Int. Ed. 2012, 51, 1028.



Copper(l) Enolate-Mediated & -Arylation:

Reactions with Phl

N RLRZ1™ RI_R?
N\CU/N H 5 equiv Phl + 1/2 [{(phen)Cul},]
Su —>12 . + phen
N N
NI B
Complex R R? T[°q Yield [9%]""
1 MeCO MeCO 60 0
2 MeCO EtCO, 60 63
3 EtCO, EtCO, 25 79
4 MeCO, MeCO, 25 80
5 CN EtCO, 25 36
6 Ph EtCO, 25 68
7 Ph MeCO, 25 70

Huang, Z.; Hartwig, ). F Angew. Chem. Int. Ed. 2012, 51, 1028.



Copper(l) Enolate-Mediated & -Arylation: Kinetic
Studies

q—l-'- RLC,R2 _|_ R1 R2
N H

Sou” + Phl + phen _2MSO _
NOR 10 equiv 12 equiv
1-7
complex T[°C] Kops [s71]
1 60 inactivel@l
2 60 inactivel®
3 60 2.6x10°
4 60 5.4 x 107
5 60 7.2x107°
6 25 3.3x10*
7 25 4.1x10%

Huang, Z.; Hartwig, ). F Angew. Chem. Int. Ed. 2012, 51, 1028.



Copper(l) Enolate-Mediated & -Arylation:
Selectivity with o- and p-Substituted lodobenzene

- phen 1/2 [(phen),Cu][Cu{CH(CO,Et),},] A
[(phen),Cu][CH(CO,EL);] ~——= 1L

3 + phen
[(phen)Cu{CH(CO,Et),}] B

[(phen),Cu][CH(CO,Et),] + Cul » A =—=8B
3 - 1/2 [{(phen)Cul},]

CH(CO,Et), CH(CO,Et),

| ! bmso
copper(l) + - . +
enolate RT

para-substituted ortho-substituted

product product

Entry Cu' enolate t Yield [%] Ratio
para- ortho-
substituted substituted
product product

. 3 1h 45 2 95:5

3h 73 3 95:5

2 AorB <5min 62 2 97:3
3 K[CH (CO,Et),] + 1h 6.2 2.4 72:28
Cul 21h 13 6 69:31
4 2K[CH (CO,Et),] + 2h 23 10 70:30
Cul 23h 37 16 69:31

Huang, Z.; Hartwig, ). F Angew. Chem. Int. Ed. 2012, 51, 1028.



Copper(l) Enolate-Mediated & -Arylation:
Proposed Catalytic Cycle

i 1k
Pl [ N oyt
N
e ]

CO,Et

7 7 @ CO,Et
'phen Ng ‘\\N N‘ '.\N |,CU"‘”

3 — Cu — Cu = - | CO,Et

tphen O° O TS Ph
)\)\ EtOWOEt Cul' intermediate
OFt o O \1/2 [{(phen)Cul}z]A

PhCH(CO,Et),
CH,(CO,Et), +base

Huang, Z.; Hartwig, ). F Angew. Chem. Int. Ed. 2012, 51, 1028.



Thank You!




