PalIadium-CataIyzed Aromatic Amination

‘BusS NR XQB LoPdCl, X QNR BusSn—B
+
Hg=h— Only for | 27 Blig=h—br

—(o-tolyl)3P Kosugi, Migita 1983, 1985

Synthesis:
Problems: Potential:
* Tin reagents:z air sensitive and toxic * Pharmaceuticals
e Scope was narrow * Redox Active Macromolecuies
.« Too much catalyst - e New Ligands for Metals
“Mechanism:

* New chemistry of palladium amides?

e C-X bond formation by organometallic compounds?




Current Arylation Processes
Review: Hartwig, J.F. Angew. Chem., Int. Ed. Engl. 1998, 37, 2046-2067

Pd(OAC),/2 L - R
N X X=ClI, Br, |, OTf, OTs base _ N N\R'
O/ + HNRR' 80-100 °C |
/N LA
Y L=P(o-tolyl)3, P(t-Bu)s, DPPF, BINAP Y

Kumada's ligands, MAP, (Biaryl)PRo,
heterocyclic carbene |

Pd(OAC)./2 L R

«_-X X=Cl, Br, I, OTf, OTs base .~ M,
| » + HoNR 80-100 °C |

Y L=DPPF, BINAP, Y
PHANEPHOS, DPEPhos, (Biaryl)PR,
heterocyclic carbene

base = NaO-t-Bu, Cs,CO3
DPPF=1,1'-bis-(diphenylphosphino)ferrocene
BINAP=2,2'-bis-(diphenylphosphino)-1,1'-binaphthyl




Current Arylation Processes

=Cl, Br, 1, OTf Pd(OAc)/L Ph
O/XXC’r © base O/Nﬁ/
ST j\ﬂH 55-80 °C Ve
h
PhoP base = NaO-t-Bu or Cs,CO45
L=DPPF or BINAP, heterocyclic carbene
Pd(OAc)»/2 L H h
~_-X X=Cl, Br, |, OTf base ll\k‘(i
| w + HoN-N=CPh, 25-95°C O/ Ph
A

Y L=DPPF, BINAP, (biaryl)P(t-Bu)s,

Y




Current Arylation Processes

_X X=Cl, Br _—
| S | Pd(OAc)o/DPPF AT AN O
A base A 2N el

Y +ﬁ 90-120 °C or \_/or R™R
| HN\\ ye,
Q_] Uor R
| base = NaO-t-Bu or Cs,COg3
P Pd(OAC),/ L
O/X X_ﬁ;g;il’ OTt or Ni(COD)o/L | ~OR
o+ =2,
A7  R=SiR'3, alkyl,aryl 95°C V&

Y. 56-98%
For Y= p-EWG L = DPPF or BINAP
For Y p-EWG L=FcP(t-Bu), or (Biaryl)P(t-Bu),

Review: Harwig, J.F. Angew. Chem., Int. Ed. Engl. 1998, 37, 2046-2067




Summary of Amination Mechanism

L = BINAP, DPPF, P(+-Bu)g

Catalyst Resting State
~ (determines rate) Pd(OAc)o + L
T a |
lll amine + base X |
R~ A A
| / - P
} | |—Pd—L =— L—Pd
Product-Forming | +L
Intermediate |
(determines yield)
~Ar ~Ar - base L. _ . WAr AT
LPd< ‘ {z LPd- Pd: -——  LPd<

|

Ar-H
+ L-Pd(0) HO-1-Bu CAr
LPd.

. ~ |
HNRR' O-tBu NaO-t-Bu



Pd-Amido Complexes with Bis-Phosphines

, Ph,
KN(tolyl),  <>—R ~ Ph

85 °C
Fe yd\ —  Ph-N(tolyl),
225> g’ "N(tolyl), 90%
Phy
Ph, Ph,
£>3—R - Ph LR © Ph 25°C o NHPH
e Pd - Fe Ppd 1o
<£>_p’ “  KNHPh @p/ "NHPh 80%
' Ph2
@"P\ /Ph 0 °C

e —  Ph- NH(|so Bu)

LiNH'iSO"BU /v/ 64%




Reductive Elimination of Diaryl Ether...

@E?)z Q . L NC—@-O\O\

Pd 110 °C, C7Dé

|
Fe
L p \O-Q-OBU

> 90% OBu
(@)2 ' + LpPd(0)

' |
e 120 °C
&> 0 )-OMe OMe




Mild Amination with P(t-Bu);

R=donating or
withdrawing; o, m or p

’ Br
.

‘R=donating or
withdrawing; o, m or p

'R=donating or |
_withdrawing; o, m or p

HN(alkyl)o
+ NaO-t-Bu

HoNPh
+ NaO-t-Bu

HNAI’Q
+ NaO-t-Bu

HNR's
+ NaO-t-Bu.

R'=alkyl, aryl

1-5% Pd(dba), / 1-5% P(t-Bu)s

1% Pd(dba)y / 1% P(tBu)g Ny V@KV
> |
y
room temperature, 6h
P 83-95%
1% Pd(dba)y / 1% P(t-Bu) @NHP*‘
room temperature, 1 h - | 97 %
1% Pd(dba), / 1% P(tBu); ©/NAI‘2
- R—
room temperature, 15-60 min S 91-97 %

R—
A

25-70 °C, 4-24 h 26-97 %



Mild Amination w:th Saturated Carbene Ligands

’Pr
|_=
Pr H’P
o 1% Pd(dba)p / 1% L A Natkyl)
R— P + HN(alkyl), - R— P
- + NaO-tBu room temperature, 3-20h 86-100%
R=2, 4-Me, 4-OMe, 4-CN 5000 turnovers at 100 °C °
O 1% Pd(dba)y / 1% L N NHAT
R— P + HoNAr ' -~ R P
+ NaO-tBu room temperature, 18 h 82 9
AN /~\ 1-2% Pd(dba), / 1-2% L AN
pm £ HN © (b2, . | N
2 | \__/ A
i N NaO-£B room temperature, 4-24 h N
R=donating or + Nab-tbu 91 97 %

withdrawing; o, m or p R'=alkyl, aryl, H .

i
|
i




Hindered Alkylphosphines Improve Ether Synthesis

X 5% Pd(OAC) O-t-Bu
+ NaO-t-Bu 1 - |
Me | Me

(tBu), L=BINAP  X=Br 53%

<P ° L=DPPF  X=Br 38%
DBPF= Fe = L=P(o-tolyl)3 X=Br 0%

@;E L=P(t-Bu)s ~ X=Cl 100 %
(BU)2 | _DBIPF~  x=Cl 89 %

ool e Rl
+
Me | e OMe

OMe 7o 120°C M

L=BINAP 0%
L=DPPF 0 %
L=P(o-tolyl)3 0 %
| L-P(t-Bu)3 20 %
} . L=DB'PF  48%




Can DB'PF induce Ether Formation without EWG?

(t—BU)z
ez P~ _Ph |
Fe Pd /—~ Ph-OCsH,OMe
P~ OCsH,OMe .7 64
(+-Bu)s 6114 110 °C
A Closer Look:
(-Bu)o
= Ph-P(t-Bu), +<5—P(t-Bu)
| e . - -P(t-Bu)o + -Bu
&P~ 0OCEH,OMe (FBU)z + <27 P(FBU)2

110°C 4 .. N

(t-Bu)2




The Catalyst Changes

@ ' F@P(t-BU)Q
O s Fo P(tBu _ Pd(OAc)  Ph © __Ph
* < NaO-tBu Phw\Ph
| PhCI solvent Ph

95 °C,12h




- Very Mild Synthesis of Diaryl Ethers

o LP(t -Bu)y
th.;;ﬂ
el ) e et T
25-60 °C, 24-72 h
95-99%
P‘(t BU)2

Fe
Ph
t-B A
( Pi) A 8 oo Ph@x

©0-T6|\/\~@ 60°C. 1h

Ar (t-Bu)s 65-70%




I

Mild Ketone Arylations

0 1-2% P(t-Bu)g / o)
= R 1-2% Pd(OAc); R)(N\
X n > n
O_ * w/‘kﬂ NaO-t-Bu Ar | R
X=Br. Cl R’ 25-70 °C, THF R
0O O O v o)
, Ph e
“Ph ij/ Mesrpn Ph
| Me
| X=Br: 73 % X=Br 92 %
e RO 0.5 mol% 97%  X=Cl82% (3-OMe)
X=Br: 96% 0.005 mol% <24h. 97%
o X=Cl 2mol% 90% 0
Me O Me
il Me Ph | X=Br 83 %
(74:26 ratio)
X=Cl 69 %
OMe (76:24 ratio)
OMe -

X=Cl: 90% X=Cl 80%



" Arylation of Malonates

1-4% P(t-Bu)q o
Y\, \ U _ 0.5-2% Pd(dba)g )J\’/[OL
/4 >
QX + EtO OEt NaH, Na3PO4 or K3PO4 EtO OEt
THF or Toluene Ar
O O O O
EtO OEt EtO OEt
(1 e
70 °C O 8%
84 % ©/ 0.5 mol%
0 o
" EtO OEt EtO OFEt EtO OFEt
CF4
COQMG
70 °C 50 °C 70 °C
92 % 86 % 82 %




Arylation of Cyanoesters

4% P(t—BU)3
O—X C\/R | 2% Pd(dba), N Cﬁ/ﬂ\
¥ OEt NaH, NazPO4 or K3POy4 OEt

70 °C, THF or Toluene

&

83 %
80 %
OEt OEt | OEt

OPh F X=Cl

0% 93% 199 <




Catalytic Hydroamination of Dienes

Well known:

— + HNR P YN N
_/ > Ni, Pd catalyst NRz
Rare: NR>

. ' RI
"+ HNR - \/\)\ .
RN R 2 catalyst | R
only for Ni, morpholine
Objectives: | Questions:
* Substituted dienes * Is nickel necessary?

e Arylamines amines » What ligand properties are optimal?




Spot Test: Catalytic Diene Hydroamination

+ HoNPh ' - NHPh
- catalyst

Analysis for Aniline: Furfural, HOAc

o O - NHPh
+ HQNPh

\ / H T Y
| l redcolor OH

Unreacted amine: Red
Complete reaction: clear or the color of the catalyst




Preliminary Scope of Diene Hydroamination

2% Pd(PPhs)4
+ p—RC6H4NH2 10% TFA. NHC6H4-p-

25 °C
R H, Me, CF3, COOEt, OMe 78-99%
2% Pd(PPhs), |
© + p—RCGH4NHMe 10% TFA. > C>_NMGCGH4-[)'R
25 °C
" R=H, OMe 97%, 98%

HN/ \O 2% Ni(COD)./DPPF N/ \O 80
TN\ /S 25°C,50%TFA \ /




Preliminary Scope of Diene Hydroamination

2% Pd(PPha),
~ + HyoNPh y
_, 50% HOAC,
25 °C
L, 2% PA(PPha)s
+ Hy 507 oA NHPh  71%
45 °C
2% Pd(PPh |
+ HoNPh (PPha)a N\ 59%
10% TFA, NHPh

25 °C

NHPh  96%

2% Pd(PPhg)s
+ HNMePh ——— =2 e 79%
\ > ! NMePh

25 °C




Toward An Enantioselective Version
2.5% [Pd(m-allyl)Cl]o

10% Phenyl-Trost
HoNPh -
TR 100% PhCOOH, NHPh

RT, 120h

98% conversion
55% ee

5% [Pd(r-allyl)Cl],

L NPh 10% Naphthyl-Trost
* T2 100% PhCOOH, NHPh

RT, 48h

84% conversion
88% ee




Vinylarene Hydroamination

NHPh
2% Pd-catalyst

‘ ©/\ BhNH 20 mol% acid -
T P2 S oluene, 100 °C 12-18h

91-100% isolated

Role of the Acid:

Palladium / Ligand Acid Yield
2% [Pd(PPh3),4] - 0%
2% [Pd(PPhs),4] 20% TFA  63%
2% [Pd(PPhs),] | 20% TfOH 91%

2% Pd(TFA), / 8% PPhg 30%

2% PA(TFA), /8% PPh;  20% TFA  68%

2% [Pd(TFA),] / 3% DPPF 1%
2% [PA(TFA),] / 3% DPPF  20% TfOH  100%
2% [(DPPF)P(OTf),] 100%




Vinylarene Hydroamination

| 2 % Pd(PPhs) NHAr 1
: ° 3/4 ‘
©/\ H2N© 20 mol% HOTf
* OMe toluene, 100 °C 12 h
| 93%
NHAr

2% Pd(TFA),/DPPF

©/\ H2N\©\ 20 mol% HOTY
+
OMe toluene, 100 °C 7 h

Y.

75%

NHAr

| 2 % Pd(PPhg),
©/\ HaN 20 mol% HOTH
+ -
toluene, 100 °C, 12 h

CF
3 64%




Asymmetric Vinylarene Hydroamination

NHAr

HzN R)-BINAP)Pd( OTf)g] “/\
\© toluene, 30 °C, 24 h OO
97% yield
64% ee
NHAr
©/\ HoN [((R)-BINAP)P(OT),]
\© toluene, 25 °C, 72 h FsC
81% yield

81% ee






