at}%J’ ;? Peking Univ. Ph. D. Dissertation

Aromatic C-H and C-N Bonds Activation and
Functionalization

Reporter: Dr. Fanyang Mo
Supervisor: Prof. Jianbo Wang
Peking University
July, 2010



Contents

1. Introduction

2. Gold catalyzed Halogenation of Aromatics by N-Halosuccinimides

Aromatic C-H —/@m> (C—X

X =Cl, Br, |

3. Direct Conversion of Arylamines to Pinocol Boronates

Aromatic C-N ———> (C-B

one step
metal free!!

4., Summary

5. Acknowledgement



1. Introduction

Background of aromatic C-H bond activation

Cep2™R
R—-M!
[O]
R—X
CspZ_H |::> CspZ'@ ArIX > Cspz—R
M = metal e
Rh(1), Ru(0), \
Pd(Il), PA(IV), [y =X, N, OX | Yy
Cu(ll), Au(lll)... sp2

Reviews:

Sun, C. -L.; Li, B.-J.; Shi, Z.-J. Chem. Commun. 2010, 46, 677.

Chen, X.; Engle, K. M.; Wang, D. -H.; Yu, J. -Q. Angew. Chem. Int. Ed. 2009, 48, 5094.

Li, B. -J.; Yang, S.; Shi, Z. -J. Synlett. 2008, 7, 949.

Dyker, G. Handbook of C—H Transformations. Applications in Organic Synthesis, Wiley-VCH,
Weinheim, 2005.



3. Direct Conversion of Arylamines to Pinocol Boronates

Background of aromatic C-N bond activation

X Aryldiazonium salts

R=H
Csp2TNRg  ~ ——— Cspz—@NRz Aryltriazenes

Q : :
CSpZ-@ X Aryl quaternary ammonium cations

Examples:

Blakey, S. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2003, 125, 6046.
Saeki, T.; Son, E. -C.; Tamao, K. Org. Lett. 2004, 6, 617.

Ueno, S.; Chatani, N.; Kakiuchi, F. J. Am. Chem. Soc. 2007, 129, 6098.



2. Gold catalyzed Halogenation of Aromatics

Background of halogenating of aromatic compounds

Halo Sources in Industry:

Br,, Cl5 ..
Ar+H 2 2 > Ar@

Examples:

FeCI3

@ + Cl, > Cl  + HCI
55~60 °C
FeBrj

O o e O e
55~60 °C

From Textbook...




2. Gold catalyzed Halogenation of Aromatics

Background of halogenating of aromatic compounds

Halo Sources in Lab:

Ar+H > Ar@

NXS (X = |, Br, Cl)

Examples:  Et Et Et
NH,NO; (10 mol%) ©/Br
+ NBS > +
CH4CN, 60 °C, 8 h ©
Br
53% 30%
CO,Me CO,Me
FeCls (100 mol%)
+ NBS »
CH4CN, 100 °C, 7 h Br
99%

Tanemura, K.; Suzuki, T.; Nishida, Y.; Satsumabayashi, K.; Horaguchi, T.
Chem. Lett. 2003, 32, 932.



2. Gold catalyzed Halogenation of Aromatics

Background of halogenating of aromatic compounds

e /OMe/NHz ZrCly (5 mol%)
]O + NBS >
L::‘;~ L /
More examples: > CHCl;,
-78 °Cor0°Corrt.
CH3 HzBr

NBS (10 equiv.), ZrCl, (5 mol%

CH,Cl,, reflux, 22h

<1%

OMe/NH2

,.___.\

oy

81~99%
CHBFZ CBr3
13% 87%

Zhang, Y.; Shibatomi, K.; Yamamoto, H. Synlett 2005, 2837.

EWG EWG
NXS, BF3-H0,

0-105 °C | —x
=

EWG = Electron withdrawing group
X=Cl, Brorl

Prakash, G. K. S.; Mathew, T.; Wang, Q.; Rasul, G.; Olah, G. A. J. Am. Chem. Soc. 2004, 126, 15770. 7



2. Gold catalyzed Halogenation of Aromatics

Strategies

Previous Strategy Our Design
LA : Lewis Acid. M : Metal
LA Mll/,

II[,,O IO

\ \

VN N

@ X-N Qm X-N
@) @)
Activation of NXS Dual Activation

Cspz@ Rh(1), Ru(0)
@
M = metal Cspz@ +H®  PA(), PA(IV), Au(ill)




2. Gold catalyzed Halogenation of Aromatics

Reaction between benzene and AuCl,

rt
O - me = Qe e
Qv+ O —=(Ofpe -+

2

rt
Opper v == O wre O

2

Kharasch, M. S.; Isbell, H. S. J. Am. Chem. Soc. 1931, 53, 3053.



2. Gold catalyzed Halogenation of Aromatics

AuCl;-catalyzed arenes transformations

I
CR' >

AUC|3 / 3AgOTf R H
(0.5-5 mol%)

(o] (0]
neat, 23 °C or 50 °C &

OH
Rl
0 7" AuCl/3AgOTf ?
X > |
|/ _ DCE, heat G
R 58-85%
AuCly / 3AgOTf
o)
+ TFO _~_~ (5 mol%) -
DCE, 120 °C

90%

Shi, Z.; He, C. J. Org. Chem. 2004, 69, 3669.
Shi, Z.; He, C. J. Am. Chem. Soc. 2004, 126, 5964.
Shi, Z.; He, C. J. Am. Chem. Soc. 2004, 126, 13596. 10



2. Gold catalyzed Halogenation of Aromatics

Bromination of benzene with NBS using various catalysts

O
O - -
1 : 1 O

Cat. Br
Br >
DCE, 80 °C

@)
+ |:‘<‘<N—H
@)

24 h

Entry  Catalyst (mol%) Yield
1 AuCl, (1) 99%
2 FeCl,(20) 27%
3 FeBr; (20) 25%
4 BF;OFEt,(20) 7%
5  NH,NO,(20) <1%
6 ZrCl, (20) 5%
7 AICl,; (20) <1%
8 Pd(OACc), (20) 0%
9 HCI (20) 0%
10 H,SO, (20) 25%

11



2. Gold catalyzed Halogenation of Aromatics

I cat. AuCl
Scope exploration o 30 Ar—X
DCE
X =Br, Cl, |
Entry ArH AuCl; (mol%) T (°C) T (h) Arx Yield
1 @ 1 80 11 @Bf >99%
s >999%,
2 Oy 1 40 "N op = 12
Br

3 1y 0.5 t 30 D/ >99%
iy >99%

0

4 01 80 15 (95%)
>09%

5 w0 ) 0.1 to1 e ) (96%)

Br

6 Moo~ ) 5 80 48 Meozc@ 80%
N >99%

7 o ) 1 80 12 co—{ 7 o:m:p
=712

Cl
8 )ﬁj 1 80 15 /@f >99%

12




2. Gold catalyzed Halogenation of Aromatics

Bromination of aryl boronates Bpin
Bpin
MeO X
MeO
X=Br, 91%
— 0
AuCl; 1 mol% X=1,80%
or + NXS > or
Bpin DCE, rt. Bpin
MeO Bpin = Boronic pinacol ester pNeO X
X= Br, 93%
X=1,92%

13




2. Gold catalyzed Halogenation of Aromatics

Subsequent reactions o o

AuCl; (cat.) Active Cu
ArH + NBS » | Ar—Br + HN > Ar—N
DCE DMF, mw

L o . O

Entry ArH Products Yield (%)

; a O s

14



2. Gold catalyzed Halogenation of Aromatics

Subsequent reactions

Ar'B(OH),
cat. AuCl;  Pd(PPh3), (3 mol%)
ArH + NBS > » Ar-Ar'
DCE Na,CO; (2 eq.)
NO, THF/H,0, 80 °C o '
Suzuki-Miyaura coupling
A w00
95% 94%
Bopin, (1.1 eq.)
o
ArH + NBS cat. AuCI; PdCl,(dppf) (3 mol%) » Ar—Bpin
DCE KOAc (3 eq.), DMSO, 80 °C
Bpin Miyaura Borylation
MeO@Bpin
70% 68%
Ph——
cat. AuCly Pd(PPh3), (3 mol%)
ArH + NBS > » Ar———Ph
DCE Cul (5 mol%), EtzN (2 eq.) . _
PhMe. 90 °C Sonogashira coupling

/Ph
:Ph 0 Z
sosl

v, °

72% 67%

15



2. Gold catalyzed Halogenation of Aromatics

The Mechanism

Classic electrophilic process

rate-determining step

I

@-»X—X’ ----- LA =——
slow

n complex Active intermediate

Carbocation

16



2. Gold catalyzed Halogenation of Aromatics

The Mechanism

Kinetic Isotopic Effect Experiment

O o8
Catalyst -

1 eq.
4 * NBS ThcE s0°C ar T
~ | 1 eq. g ~ | \
d — —_—
1eq. Catalysts
BF; OEt, ky/kp=0.91 ©
Dual Activation
FeBr3 kH/kD= 1.06

ZrCl,  kylkp=1.13

AUC|3 kH/kD= 1.66

17



2. Gold catalyzed Halogenation of Aromatics

Summary

cat. AuCl;
X=Cl, Br,I rt.or80°C
21 examples

80~98%

v Low catalyst loading (0.01~1%)
v Mild reaction conditions

v' Clean transformations

v" High yields

v Subsequent reaction

18



3. Direct Conversion of Arylamines to Pinocol Boronates

Background of aromatic C-N bond activation

© . :
Cspz'@ X Aryldiazonium salts
v

- > (:Sp2 2 Aryl quaternary ammonium cations
\ Cspz—@NRz Aryl azo compounds

Csp2 e\ R2

Examples:

Blakey, S. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2003, 125, 6046.
Saeki, T.; Son, E. -C.; Tamao, K. Org. Lett. 2004, 6, 617.

Ueno, S.; Chatani, N.; Kakiuchi, F. J. Am. Chem. Soc. 2007, 129, 6098.

19



3. Direct Conversion of Arylamines to Pinocol Boronates

Long road of Sandmeyer reaction development

. Seminal reaction

= NaNO, / HX —\ @ O Cu(X ) VR
\ > \ = —_— \
RQNHZ R/ R/ i

X =Br, Cl

Sandmeyer, T. Ber. Dtsch. Chem. Ges. 1884, 17, 1633.

I1. Balz-Schiemann reaction

o CKID_N%)F heat J -
= ?
R\/\ / 4 R\/\ /

Balz, G.; Schiemann, G. Ber. 1927, 60B, 1186.

lll. Sandmeyer reaction in organic solvent

— ‘BUONO — CKID_NGCDYB Cu(lh)Xz e
NH > \ = u \/

R/ 2 MeCN. 1t RX_Z R/

X =Br, CI

Doyle, M. P.; Siegfried, B.; Dellaria, J. F., Jr. J. Org. Chem. 1977, 42, 2426;




3. Direct Conversion of Arylamines to Pinocol Boronates

What Sandmeyer reaction can do?

Ar—X X=Br, Cl, |
&AL s : 47 Ar—CN
Ar—NH, >  Ar—N,yX ~
‘ \ Ar—OH

Ar—SO,R

Galli, C. Chem. Rev. 1988, 88, 765.

Sandmeyer
C—NH, -------- ye » C—B ?

sp? sp?




3. Direct Conversion of Arylamines to Pinocol Boronates

The Idea

Sandnir\« ) A;ra
Borylation

O

X=8Br, |

22



3. Direct Conversion of Arylamines to Pinocol Boronates

Traditional approaches to Boronates

Ar—X
X =Br, |

(RO)B=B(OR’), Pd-catalyzed Miyaura Borylation

or HB(OR'),
Pd(0), base
Seminal: J. Org. Chem. 1995, 60, 7508-7510.
(i) R"M
Ar—X » | Ar=B(OH/OR),
(i) B(OR')3
= .
*=BR T iH;0 (R'0),B—B(ORY),

Grignard reagents Ir catalyst '\ or HB(OR'),

Ar—H
Ir-Catalyzed Directly Borylation of Arenes

Seminal: J. Am. Chem. Soc. 2002, 124, 390-391.

23



3. Direct Conversion of Arylamines to Pinocol Boronates

Initial attempts

In aqueous media

NH, Bpin
NaNO,, HOAc
OO = e OO
H,O / THF, rt.
A little main product

GC-MS analysis
® o Bpin

NH2 [ N2Cl ]
HCI, NaNO, Bopin,, MeCN
C - -
H,0, 0°C rt. 36h

] 38% isolated

In organic media

MeCN, 60 °C, 1 h
QNHZ + ‘BUONO + Bypin, - QBpin

1 eq 40% GC-MS yield

1eq 1eq
24



3. Direct Conversion of Arylamines to Pinocol Boronates

Optimize reaction Ph-NH, + B,pin, + BUONO Ph-Bpin

Entry ratio Solvent Additive (mol%) T(°C)  Yield (%)
1 1:1:1 MeCN none 60 40
2 1:1:1 MeCN KOACc (100) 60 30
3 1:1:1 MeCN CuPF4(MeCN), (100) 60
4 1:1:1.5 MeCN Cu(OAc), (100) 60
5 1:1.2:1.5 MeCN SnCl, (100) 60 29
6 1:1.2:1.5 MeCN Fe(OAc), (100) 60 62
7 1:1:1 MeCN BPO (10) 60 49
8 1:1:1 MeCN AIBN (10) 60 47
9 1:1.2:1.5 MeCN BPO (10) 60 57
10 1:1.2:1.5 MeCN BPO (10) rt 66
11 1:0.5:1.5 MeCN BPO (10) rt 11
12 1:1.1:1.5 MeCN BPO (5) rt 70
| 13 1:1.1:15 MeCN BPO (2) rt 77 |
14 1:1.1:1.5 DCM BPO (2) rt 49
15 1:1.1:1.5 DCE BPO (2) rt 65
16 1:1.1:1.5 Toluene BPO (2) rt 65
17 1:1.1:1.5 EtOAC BPO (2) rt 66




3. Direct Conversion of Arylamines to Pinocol Boronates

Scope of the reaction

BPO (2 mol%) _
»  Ar-Bpin

ArNH, + B,pin, + ‘BuONO

MeCN, rt
AcHN—Q—Bpin BocHNGBpin Aco—Q—Bpin MeO—@-Bpin
2h, 93% 2h, 70% 2 h, 73% 2h,72%
0

R Bpi Bpi
>_©_ Bpin Bpin P pin

1h, 67% 2 h, 65% 1h, 66% 2h, 53%

OZN N02
O,N Bpi . - -

O e (o wlDOe

1h, 91% 1h, 62% trace 2 h, 55%

26



3. Direct Conversion of Arylamines to Pinocol Boronates

Scope of the reaction

BPO (2 mol%)

ArNHZ + szinz + tBUONO MeCN. rt > Ar'Bpin
F1sC ol
F3COBp'n G_Bp'” FO—BW” CH@-Bpin
2 h, 75% 2 h, 82% 2 h. 54% 2 h, 54%
Cl
@—Bpin m@sm Br@Bpi” EtOQC@Bpin
2 h, 56% 2 h, 30% 1 h, 30% 2 h, 82%
CN
1h, 41% 1h 22%

27



3. Direct Conversion of Arylamines to Pinocol Boronates

Subseguent reaction

B,pin, Pd(PPh3), (5 mol%)
‘BUONO K,CO3 (2 eq)

Ar—NH, — > [Ar-Bpin > Ar=Ph
MeCN, rt Phl (2 eq)

DMF, 90 °C,18h

O e O

81% 68% 60%
0
FsC
EtOzC@Ph
Ph Ph
67%
3% 57%

28



3. Direct Conversion of Arylamines to Pinocol Boronates

The Mechanism

The reaction of phenyl radical and B,pin,

_ MeCN _
(PhCOO),+ Bypin, > PhBpin (1)
100 °C,4 h
1 eq 1 eq 37%
O O
oon@ D S NP Y
~/ 7 heat O
@)
BPO
n-BusSnH + AIBN
dropwise Ph—Bo: 2)
Phl + Bypin > —bpin
2Pz PhH, reflux, 4h
1eq. 1eq. 1 eq. 20% 16%

Conclusion: phenyl radical can react with B,pin, to afford phenyl boronate!
29



3. Direct Conversion of Arylamines to Pinocol Boronates

The Mechanism

eCN

PhNH, + B,pin, + ‘BuONO + TEMPO PhBpin (3
1eq 11eq 1.5eq 1.5 eq ’ 8%
MeCN, rt, 4h
TEMPO + Bspiny 7a > (4)
1 eq. 1 eq.
No Reaction

Conclusion: radical scavenger TEMPO effectively block this reaction.

30



3. Direct Conversion of Arylamines to Pinocol Boronates

The Mechanism

® O MeCN
PhN, BF4  + Bypiny ———— Ph-Bpin

Entry  Additive (mol%) T (°C) Time Yield (%)
1 none rt 10 h 0
2 none 70 10 h 3
3 BPO (10) rt 10 h 0
4 BPO (10) 70 10 h 5
5 K!OBu (100) rt 10 min 40
6 Na'OBu (100) rt 10 min 7
7 NaOMe (100) rt 10 min 15
8 NaOEt (100) rt 10 min 33
9 KOACc (100) rt 10 min 38

Conclusion: the kind of anions of diazonium salts have a great impact on
the reaction.
31



3. Direct Conversion of Arylamines to Pinocol Boronates

The Mechanism

A proposed mechanism

O e o ( o/
ArN,O'Bu * /B—B\ —> ArN, + tBuO—B—B\
l

A
key intermediate
/

®@- |
i» ArN, . + tBuO—BG—DB<

B C

L A+ N A

D

Ar- + 1BUO-B—B, ——» Ar-B + ¢
=B Ar—B__ + 'BuO-B
D C



3. Direct Conversion of Arylamines to Pinocol Boronates

The Mechanism

18-Crown-6
K

®
%\d\‘\ /%
O_B\/ \O
>§(O

MeCN, rt /Oi
B\
C 0

65%

Kleeberg, C.; Mo, F.; Qiu, D.; Sing, A.; Dang, L.; Wang, J.; Linc, Z.; Marder, T. B. to be submitted.
33



3. Direct Conversion of Arylamines to Pinocol Boronates

Summary

Metal-Free Borylation

R B,pin,, ‘BUONO R
O -"O@

BPO (2 mol%), MeCN, rt

21 examples
22~93%

v' Cheap starting materials and Valuable products
v Mild reaction conditions
v' Metal-free!!

v' Subsequent reaction

34



4. Summary

1. Gold-Catalyzed Halogenation of Aromatics by N-Halosuccinimides

cat. AuCl3

X=Cl Br,| rt.or80°C

21 examples
80~98%

Mo, F.; Yan, J. M.; Qiu, D. Li, F; Zhang, Y.; Wang, J.*
Angew. Chem. Int. Ed. 2010, 49, 2028-2032.

2. Direct Conversion of Arylamines to the Pinacol Boronates: A Metal-
Free Borylation Process

Metal-Free Borylation

R BZpinz, tBUONO R /

BPO (2 mol%), MeCN, rt

21 examples
22~93%

Mo, F.; Jiang, Y.; Qiu, D.; Zhang, Y.; Wang, J.*
Angew. Chem. Int. Ed. 2010, 49, 1846-1849.
Selected by Editor as A Hot Paper

Selected by Synfacts and Synform
W02011035532

35
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4. Summary and Outlook

R/ [ cat. AuCl; R,
<\/:\>7Bpin + NXS > @Bpin
— DCE =|=
X

Qiu, D. Mo, F. Zheng, Z.; Zhang, Y.; Wang, J.*
Org. Lett. 2010, 12, 5474-5477.

& J
MeQO MeQO MeQO OMe
QBpin QBpin QBpln QBpm QBpin
I Br Cl I
92% 93% 71% 91% 80%
Br Br Br ' cl
73% 75% 83% 90% 64%
F Br Cl Cl F5CO
QBpin QBpin QBpin QBpm QBpm CIOBpm
F Br Br Br Cl
84% 83% 70% 70% 80% 76%,1:1
Bpin Bpln

|/©\I Br/ES\>\Bpin N QBpln QBpln @Bpln

79% 25% 85% 74% 75% 2%



4. Summary and Outlook

AuCl; (2 mol%) OAc

+ PhI(OAc), >
DCE, 80 °C, 48h

70% isolated

blank experiment
7a > N. R.

DCE, 80 °C, 48h

R cat. AuCl; R
/\/ \ H » @OAC
_ PhI(OAC), —
DCE 35-82%

Qiu, D.; Zheng, Z.; Mo, F.; Wang, J.* et. al.
Org. Lett. 2011, 13, 4988-4991.

40



4. Summary and Outlook

Many
Au(lll Electrophiles
Ar—H &‘) - [Ar—Au(III)} ------------ -
H®
Ar—H + HNRR---2209MONS_ Ar—NRR

41



4. Summary and Outlook

Ar—X X =Br,Cl, |

/ Ar—C

Sandmeyer /
Ar—NH, S Ar—Npx —— Ar—0
. Ta Ar—S
? - ? \
N : Ar—B  This work...
{ Y

Ar—Si Ar—P Ar—M ......
M = Metal

42



FIDT A, (MFYVT-5U0U1.0)
pA 2

Catalyzed by AuCls

Br Br kulkp ~ 1.66

1004 | ©/ H/AD
90
80

L 37.6%
70

il

- .
60

T T T T
21 215 2 225 23 235 24 2458 min

FIDT A, (MFYY11-31001.0)

pA
100 4 Catalyzed by BF;-OEt,
kalkp ~0.91
90
80
70
604
50
T T T T T T T
205 2 25 2 25 23 235 min
FIDT A, (MFYV13-14711.D)

pA 4 o -

3475 4 Catalyzed by FeBr;
2z ] @ﬁf kulkp ~ 1.05

U254

34 4
33754

51.3%

L S L e e e e e L e e e e L e o e e T L e e e e L

T
205 2 215 2 225 23 235 mir

FIDT A, (MFYY13-14720.0)

pA ]
55

P Catalyzed by ZiCly
50 ds— il ~

s k/kp ~ 1.13

45
404

47.0%
35
3D’.‘..|. —r 7 T T T[T — T

205 21 215 2 25 23 35 min|




cl Me

Ar
AuCl; Arw .Cl _CI 2,6-lutidine \;/A\l/,l

Ar—H e e ar ~ Cl
Me

Me
ey
__ Me ,/A\(J
o Cl
Me
& CI(1)
c6) L.
C(13) C(2) C€(2)
@ Cl(2)
Me "
/@i /CI Me THF, 50°C,5h
Me M + =—Ph .
C|/ Me %
Me 94% Ph

Fuchita, Y.; Utsunomiya, Y.; Yasutake, M. J. Chem. Soc. Dalton Trans. 2001, 2330.
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H.

AdHz + BR'MH + HNO; ———= =
|
Ar

M
I
M

R

= RNz + ArLi « RX
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