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Introduction and Background

Research in three progressive stages
(1) developing Grignard-type reactions in aqueous media
to simplify protection-deprotection steps. Chao-Jun Li, J. AM. CHEM. SOC. 2005, 105, 3095

(2) developing nucleophilic addition reactions by using C-H bonds

as surrogates for organometallic reagents to simplify halogenation-

dehalogenation steps and avoid the utilization of a stoichiometric

amount of metal for such reactions (possible in water) Chao-Jun Li, J. AM. CHEM. SOC. 2007, 106, 2546
(3) developing direct C-H and C-H coupling to explore the possibility

of chemical transformations beyond functionalization and

defunctionalization in syntheses.
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CDC Reaction Involving !A-C-H Bonds of Nitrogen in Amines
Alkynylation (sp3-sp Coupling)

4 )
SCHEME 2
Proposed Alkynylation of «-C-H Bond of Nitrogen in Amines
Rz Rz
R, SET | e H* /
> NR:R,
MR H—=| R “GH; | —= R RS
R7 TCH.R, Mr és Rs R ™y
Aldehdye-Alkyne-Amine (A% Coupling
Ry
)OL cat in |+ M NRiRz
+ Ry———H + R4RzNH RO -
RY “H 4 1Rl R ~| R
R3 Ra
|\ J

Starting Point:

(1) propargylic amines are of great pharmaceutical interest and are synthetic intermediates for various nitrogen compounds;

(2) the sp® C-H bond 'A to nitrogen in amines can be readily activated to generate iminium ions via single-electron-transfer (SET)
processes or by transition metals as described by Leonard and Murahashi;

(3) we and others have described the aldehyde-alkyne-amine coupling (A3) reactions to afford propargyl amines catalyzed by various
transition metals via the formation of the same intermediate (Scheme 2).

( ™
SCHEME 3. Copper-Catalyzed Alkynylation of N,N-Dimethylanilines

CUuBr (5 mol%)
/ 'BUOOH {1.0-1.2 eq) /
A—N + H=1R ———————————————~ AN
\ 100 °C, 3h M =R

isolated yields: 12-82%
Ar= Ph, 4-MeCgH,, 2-MeCgHy, 4-BrCzH,
R=Ph, 4-MeOCgH,, 4-MeCgH,, 4-BrCgH,, 4-PhCgH,, 2-Py,

HOCH,, EtCO,CH,, CHy0C0, Bu, Ph, Ph, Ph
\ Y,

Chao-Jun Li, J. AM. CHEM. SOC. 2004, 126, 11810-11811

Table 1. Selection of Copper Catalyst? Table 2. Copper-Catalyzed Alkynylation of Amines?

l?”] (5 mol%) CuBr (5 mol%)
Q_N/ . ;@ _BuQOH _ Q we s He—n 'BUOOH (1.0-1.2 eq) ol
= r— + = S — r=|
A 100°°C. 3n H > i 100 °C, 3h =R
1a 2a 1 2 3
entry catalyst NMR yield” entry Ar R product yield®
1 CuBr 77 1 Ph Ph 3a 74
2 CuB, 72 2 Ph 4-MeOPh 3b 82
3 CuCl 75 3 Ph 4-MePh 3¢ T4
4 CuCl, 73 4 Ph 4-BrPh 3d 74
5 cul 6 5 Ph 4-PhPh 3e 60
6 Cu(I);Se 61 9 Ph 2—Py_ 3f 36
7 CuOTf 25 Ph HOCH, 3¢ 40
2 Cu(OTD): g 8 Ph EtCOOCH; 3h 58
9 o 0 9 Ph CH;0CO 3i 25
10 Ph Bu 3j 12
- - 3k 73
9 4.0 mmol aniline, 2.0 mmol phenylacetylene. 0.1 mmol copper salt. g fﬁgﬁ gﬁ }‘ 53
5— ; a b y i ar 2- 3 53
and 0.8 mL ‘BuOOH (5—6 M in decane). ® Reported yields were based on 13 1-B:Ph Ph im P

alkynes and determined by NMR using an internal standard.

4 4.0 mmol amine, 2.0 mmol alkyne, 0.1 mmol copper bromide, and 0.4

mL BuOOH (5—6 M in decane). ? Isolated yields were based on alkynes.
Scheme 2. Reaction of N,N-Dimethylbenzylamine

CuBr (5 mol%)

'BUOOH (1.0-1.2 eq)
@\/l\“\+ =—Ph 100°C, ah / Scheme 5. Tentative Mechanism for the Direct Oxidative

Coupling of Amine with Alkyne

4 36 %
[Cu] OR
F{‘ 1 Cu———~R?
3
Scheme 3. Reaction of Cyclic Benzylamine F\‘E R
RN ch.R?
CuBr (5 mol%) *
@ rBuOOH (1.0-1.2 eq] ROOH
_< >— — 4
100 °C, 3h ="
74 %
[Cu) [Cu

Scheme 4. Reaction of Simple Cyclic Amine
R? R*

O CuBr (5 mol%) O qg;'au Rpl\‘l/ ROH+ HLO
) . ! + + My
C ‘BUOOH (1.0-1280) N " * NN A?
@ 100°C, 16h @ @

9(12 %) 10 (12 %)
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(SCHEME 6. Asymmetric Alkynylation of Tetrahydroisoquinolinef

with Terminal Alkynes

Chao-Jun Li, Org. Lett., Vol. 6, No. 26, 2004

CuOTf/1
+ =R R
TBHP e N5
50°C, 2d | | I o
RZ
R'= H, 4-MeQ, 2-MeD ce: 5-74%
R?= Ph, 4-MeCgH,, 4-BrGgH,, Hex, TMS, Py yields: 11-87%
Table 1. Effect of Conditions on the Enantioselectivity of

Coupling of N-Benzene Tetrahydroisoquinoline with
Phenylacetylene via sp? C—H Bond Activation®

cat.[Cu]/L*
B ————

'BuOOH

| O

7a 8a Ph 9%a
entry catalyst ligand temp (°C) solvent? ee® (%)
1 CuOTf 1 80 no 19
2 CuOTf 1 80 toluene 21
3  CuOTf 1 50 toluene 42
4  CuOTf 1 50 1,2-dichloroethane 20
5 CuOTf 1 50 H,O 18
6 CuOTf 1 50 1,4-dioxane 50
7 CuOTf 1 50 THF 56
8§ CuBr 1 50 1,4-dioxane 18
9 CuBrs 1 50 1,4-dioxane 12

10  Cu(OTf): 1 50 1,4-dioxane 40
11 CuOTf 2 50 dichloromethane 9
12 CuOTf 3 50 THF 14
13 CuOTf 4 50 THF 13
14  CuOTf 5 50 THF 20
15 CuBr 5 50 THF 4
16  CuOTf 6 50 THF 8
17 CuOTf 1 50 THF 63

(.1 mmol of tetrahydroisoquinolme. 0.1 mmol of phenylacetylene, 0.01
mmol of copper salt, 0.015 numol of ligand. and 0.1 mmol of '‘BuOOH
(5—6 M in decane): reaction time is 2 days. ® Solvents were used without
distillation, except THF was distilled from sodium. ¢ Enantiomeric excess
was determined with HPLC by using a Chiralcel OD-H column and 95/5
hexane/isopropyl alcohol as eluent or 100 hexane. 9 Ca. 50 mg of 4 A
molecular sieves was used.

\ \/ 0 o
° T N \J 0 | N m\)
N~/ ‘2.5\1 W {
O -~ O
1 2 3
i =

@ 5(17/[9\“0
N N~/

Scheme 3.  Asymmetric Strategies to C;-Substituted
Tetrahydroisoquinolines

a) diastereofenantioselective

©© 5ynthe5|s
~N. f N. R2 Well known
R’
b) asymmetric hydrogenation
= N well known - N‘RZ

c) chiral catalyst
unknown

[ I N.go

Table 2. Enantioselectivity of Coupling of
Tetrahydroisoquinolines with Terminal Alkynes®

=N
Il
7 8 RZ 9
entry R! R2 compd  yield® (%)  ee (%)
1 H Ph 9a 67 63
2 H 4-MeOPh 9b 65 41
3 H 4-BrPh 9¢ 72 64
4 H Hex 9d 65 26
5 H T™MS 9e 11 30
6 4-MeO Ph o9f 59 60
7 4-MeO  Hex 9¢g 48 5
8 2-MeO Ph 9h 54 73
9 2-MeO  4-MeOPh 9i 56 69
10 2-MeO  4-BrPh 9j 61 74
11 2-MeO Py 9k 57 36

2 0.4 mmol of tetrahydroisoquinoline, 0.2 mmol of alkyne. 0.02 mmol
of copper salt. 0.03 mmol of ligand. and 0.2 mmol of ‘BuOOH (5—6 M in
decane). ? Isolated yields were based on alkynes. ¢ Enantiomeric excess was
determined with HPLC by using a chiralcel OD-H column and 95/5 hexane/
isopropyl alcohol or 100 hexane as eluent

e - ; ; ; ) : ™
SCHEME 7. Direct Alkynylation of Glycine Amides via CDC Reaction
~f
MeO. 10 mol% CuBr 7
@\ = 1.0 equiv. TBHP |
NRR, *+ & = ———  MeO
ﬂ/\[r PR Ar, CH,Cly, RT ‘
o] 12-16 h N NRR;
H oo
NR'R2= NHMe, NHEt, NH(CHa)3CHs, NH(CH2)3Ph 1-pyrrolidinyl, isolated yields 50-78%
NHMe, NHMe, NHMe, NHMe, GEt,
R%= H, 4-Ph, 4-Br, 4-Me, 2-OMe
\_ J

Chao-Jun Li, Angew. chem. int. Ed. 2008, 47, 7075-7078
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Table 1: Optimization of reaction conditions !

0o o
i E“D o‘E‘ AcO- . -OAc 0 H QU(OAC)Z
foN .0 0. Gu(OAc), x 7 Py Cu(OAc) O H
Me N R+ E D R T i RN (NN )\",0\ 2 :
H o Me N Et — | _—
o O O  Toluene, 150°C,8 h Me)l\u N A NI Me)LN/K[fO'Et
o] (o] }1' o
1 2 3 Active Cu complex
Entry Ligand Base Cu(OAc), [equiv] Yield [96]%1 o o o
1 none none 20 5 Me)l\NA”/O\Et Et\o O,El
2 4,4"-dimethyl-2,2"-bipyridine none 20 30 8 o
3 1,10-phenanthroline none 2.0 12 .0 o. J.L o
4 TMEDA none 20 23 B TR Me N Et
5 di(2-pyridyl) ketone none 20 56 . o]
6 di(2-pyridyl) ketone NaOAc 2.0 70 C""
7 di(2-pyridyl) ketone KHCO, 20 7 ChAc
8 di(2-pyridyl) ket Cs,CO. 2.0 84 . - . -
g d::zg:d;l; thz:Z C?COE 02 15 Scheme 2. Proposed mechanism for the oxidative functionalization of
109 di(2-pyridyl) ketone cSzcoj 02 15 glycine derivatives with diethyl malonate.
1 di(2-pyridyl) ketone Cs,CO; 12 68

[a] Reaction conditions: 1 (0.125 mmol), 2 (0.25 mmol), 20 mol% ligand, 20 mol% base in toluene
(1 mL), 150°C, 8 h. [b] Yields were based on compound 1 and determined by NMR spectroscopy using
an internal standard. TMEDA=N,N,N’,N'-tetramethylethylenediamine. [c] 5 mol% Pd(OAc), was

added and run under 1 atm O,. [d] 5 mol % Pd(OAc), was added.

Table 2: Functionalization of 4 by CDC reactions with malonate 5.7/

(¢}
o o ¢ o CuOAD, 20mali 000, R, R oK
R‘JLN,\[(QRZ . R \“)\ﬂ/ Rt _20 mol% di(2-pyridyl) ketong ° MeO o
Ho§ o Toluene, 150 °C A 0., H o
LR N/\H’N\)J\OEt ' <i> -
4 6 H o
Entry Reaction t [h] R' R? R? R* 6"l Yield [96]19
1 6 Me iPr H Et 6a 82(73 10
2 10 Me iPr H Me 6b 85(40
i 13 m: :.z: I\'/_I|e ’; r g; ggtié 10 mol% CuBr Ar, DCE, 70°C, 4 h
1.0 equiv. TBHP 83%

5 8 Me Et H Et 6e 84(72
6 10 Me Et Me Me 6f 75(48
7 6 Me Et H iPr 6g 73(63
3 6 Me Et H Me 6h 63(46
9 10 Me Et Me Et 6i 75(32
10 6 Me Me H Et 6j 65(55
n 10 Et Et Me Et 6k 75 MeO ||
12 10 iPr Et Me Et 6l 53 @\ H 9
13 10 tBu Et Me Et 6m NR N N‘)koa
14 10 Et Et Me Me 6n 78 H o §
15 10 iPr Et Me Me 60 60
16 10 tBu Et Me Me 6p NR "

[a] Reaction conditions: 4 (0.125 mmol), 5 (0.25 mmol), Cu(OAd), (0.25 mmol), Cs,CO; (0.025 mmol), ~ Scheme 3. Functionalization of simple peptide 10 with ethynylbenzene.
di(2-pyridyl) ketone (0.025 mmol), toluene (1 mL). [b] For full experimental data, see the Supporting
Information. [c] Yields of isolated product are based on 4, and the yields after 4 h reaction are given in
parentheses. NR=No reaction.

Table 3: Functionalization of 7 by CDC reaction with alkyne 8.7

10 mol% CuBr

1.0 equiv. TBHP
_

MeCQ I
R Ar, CHCly, RT

0 12-16 h ON R

H o

7 9
Entry R' R? 9l Yield [96]"

1 NHMe H 9a 68(93)
2 NHEt H 9b 55(73)
3 NH(CH,);CH, H 9c 62(79)
4 NH (CH,),Ph H 9d 76(93)
5 1-pyrrolidinyl H 9e 67(90)
6 NHMe 4-Ph 9f 72(86)
7 NHMe 4-Br 9g 78(89)
8 NHMe 4-Me 9h 60(81)
9 NHMe 2-OMe 9i 50(63)

10 OEt H NA NR

11 Ph H NA ND

[a] Reaction conditions: 7 (0.30 mmol), 8 (0.90 mmol), TBHP (54 uL, 5-
6M in decane), CuBr (0.03 mmol), CH,Cl, (0.5mL). [b] For full
experimental data, see the Supporting Information [c] Yields of isolated
product are based on 7, and NMR yields, using an internal standard, are
given in parentheses. NA = Not applicable. NR= No reaction. ND= Not

determined.

4/15

Pd/C, 50 psiH,

MeOH, RT
84%
9a
-~ CI+HN

/@’ N"  TCCA, 2 equiv. HCI s m"

~o H,0f CH,CN, RT
88%
9aa 9ab

Scheme 4. Synthesis of homophenylalanine derivative 9ab. TCCA=Tri-
chloroisocyanuric acid



Table 2. CDC Reaction of Indoles with Tetrahydroisoquinolines?

Arylation (sp®-sp? Coupling).

entry 1 2 product yield (%)*

/- " " " N A O N
SCHEME 10. CDC Reactions of Various Indoles with Q. o n

Tetrahydroisoquinolines 85(79)

5 mol% CuBr

2a
) ®
R TBHP ~Ar \@ Nepy
» + _— 2 1a u 89 (57)

N. AR
N Ar e 2 Meo )
FGV__ NH
H—Me O Nepn
FG=H, OMe, CO;Me, Cl, NC;, . £} 12 u 80 (61)
R=H, 2-Me, 3-Me yield 58-98 % - y-Me
Ar=Ph, 4-MeOCgH, Vil o
. J/
Me O N‘ph
Chao-Jun Li, J. AM. CHEM. SOC. 2005, 127, 6968-6969 . 1a (I} Mo mm
H (3d)
= O
Table 1. Optimization of Reaction Conditions? o
~o Y N-pn
5 mol% Cur O N # e N9 S e
N-pn H overnight SN Nepp
1a 2a Q NH 00'Bu @ O Nep,
4 6 1a N 58 (44)
3a o Ve Q \N (3
Me
T 2a TBHP  conv. of 3a 4
entry solvent (°C)  (equiv) (equiv) 1a (%)° (%)° (%)° N N
Ph
1 neat 22 1.0 1.0 90 45 <5 7 1a m/@f{; 89(73)
2 neat 22 20 1.0 85 40 trace 29 Z g e
3 neat 50 1.0 1.0 90 75 N.D-* o
4 neat 50 1.0 125 95 70 N.D.:e ™~
5 +-BuOH 50 1.0 1.0 90 30 trace O.N N O Nopp
67  neat 50 1.0 1.0 90 60 N.D.:e 8 1a m L ®5)
7 neat 50 1.5 1.5 100 60 N.D.:¢ on H ON O o )
8 H>O/PhMe 50 1.2 13 100 50 N.D-*
(0.5mL/0.1 mL)
9 H,0/PhMe 50 1.2 1.3 100 NDs 70 N Nopn
(2.0mL/1.0 mL) s 1a N N 64 (50)
10 neat 50 12 13 100 85 ND:s N‘Zﬁ Do @0
i
NO,

@ Tetrahydroisoquinoline (0.1 mmol) was used: unless otherwise noted:
BuOOH (5—6 M in decane). ? Detected by NMR using an internal standard. @G
€ Not detected by NMR. 9 Tetrahydroisoquinoline (0.15 mmol) was used N

I
\©\ 2a @\ 95 (71)
X
OMe _]OME

b
( - . - . )
SCHEME 11. CDC Reaction of Tetrahydroisoquinoline with 2-
Naphthol Derivatives
14 1b 2 \CL L2
5 mol% CuBry Meo
OH NH  (3k)
= 10 eq. TBHP
N. N l//
Ph g 50°C
overnight 12 1b 2h @\ 78 (50)
OMe
NH (g
R= H, 3-OMe, 6-OMe, 7-Br yield, 49-63%
. J
13 b 2d Me— 7 N 95 (49)
Chao-Jun Li, PANS 2006, 703, 8928-8933 (am)
Table 8. CDC Reaction of Tetrahydroisoquinoling with 2-Naphthol Dervatives® . . . .
~ @ Tetrahydroisoquinolines (0.1 mmol), indoles (0.12 mmeol). CuBr (0.005
5 mol% CuBry M mmol, 5 mol %). and BuOOH (0.13 mmol. 5—6 M in decane). > NMR
(‘\/\/ 1.0 equiv TBHP Nepn yields are based on tetrahydroisoquinolines and determined by NMR using
OH an internal standard: isolated yields are given in parentheses.
50°C =
ovemight -
20
entry 19 product 20 yield®

Table 7. CDC reaction of tetrahydroisoquinoline with 2-naphthol

O 5 mol% [Cu] OO
e AOH I*L,;,h o OsquwTBHP
1 | 20a 72(53) L+
S OH “Ph 50°C
OO 1a 19 overnight O

PN BINOL
|
MeO 5 -OH A Mg Yield of Yield of
2 200 74(63) N A
e MeO._~. . OH Entry [Cu] 20 BINOL
|
ey 1 Cul 57 13
2 Cudl 51 10
oH N‘Ph 3 CuBr 58 23
3 20c 61 (49) 4 CuBr; 63 10
OH
Br OO 5t CuBr 63 10
Br 6 CuBr; 72 1
|/§‘-._~,/‘\\ 7 CuSO4 53 1
8 Cu(OTf):2 55 15
4 o %N‘Ph 20d 69 (55)
O A, -OH Tetrahydroisoquincline (0.1 mmol), 2-naphthol (0.1 mmol), TBHP (0.1

mmol, 5.5 M in decane), and [Cu] (5 mol%): otherwise are mentioned.

*Reported yields were NMR yields using an internal standard.

etrahydroisoquinoline (0.2 mmol), 2-naphthol dervatives (0.1 mmol), *Tetrahydroisoquinoline (0.2 mmol).

TBHP (0.2 mmol, 5.5 M in decane), and CuBr; ( S mol%).” NMR yields are

based on 2-naphthol derivatives and determined by 'H NMR using an

intemnal standard; isolated yislds are given in parentheses. 5/15
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Alkylation (sp3-sp®).

e N
SCHEME 12. CDC Reaction of Tertiary Amines with Nitroalkanes

R2 R4 5 mol% CuBr 2
] by 12eq TBHP L
N._H + -N
RV H™ NO; 1t, overnight R! NOz
R® R?
mine

isclated yields 30-65%

/
i O
AN

: ‘CgHy-d-OMe : : "CgHg-2-OMe

J/

Chao-Jun Li, J. AM. CHEM. SOC. 2005, 127, 3672-3673

Table 1. Optimization of Reaction Conditions?

X moal% [Cu]
0}
Ph

1.0-1.2 eq. TBHP

MeNO, N-ph
room temperature
1a 3a NOy
entry catalyst X'mol % reaction time (NMR yield%)®
1 CucCl 10 31 (70): 6 h (75)
2 CuBr 10 3 h(90)
3 Cul 10 31 (60): 6 h (80)
4 CuOTfE 10 31 (20): 6 h (50)
5 CuCly 10 3 h(60): 6 h (80)
6 CuBn 10 31 (40); 6 h (92)
7 Cu(OTH), 10 3h(5):6h(35)
8 Cu(OAc),*H,O 10 3h(50): 6 b (80)
9¢ CuBr 5 61(92)
104 CuBr 2 3 h(60): 6 h(90)
11 no 0 3h(0)

2 (.1 mmol tetrahydroisoquinoline, 1.0 mL of nitromethane. and 0.02
mL of BuOOH (5—6 M in decane). ? Reported yields were based on
tetrahydroisoquinoline and determined by NMR using an internal standard
¢0.2 mmol tetrahydroisoquinoline, 1.0 mL of nitromethane, and 0.04 mL
of BuOOH (5—6 M in decane). ¢ 0.5 mmol tetrahydroisoquinoline, 2.0 mL
of nitromethane, and 0.1 mL of '/BuOOH (5—6 M in decane).

5 mol% CuBr F—
() 1.2 equiv TBHP <_>\(N02 ON, [ )_W,Noz
N — N i N
CH3NO,
rt., 6h
53 % 4%
4 5 6
Scheme 2. Reaction of 1-phenylpyrrolidine with nitromethane.

Chao-Jun Li, Green Chem, 2007, 9, 1047-1050

4 . . . . )
SCHEME 15. CDC Reaction of Tertiary Amines with Oxygen in
Water

H” "NO R(Nj)\Noz + H0
Rz Rs ¥
K_H__ Gubricat) 30-95%
Ri 1/ 0, (1atm) CO:Rs
3 H:0 HCOR, R, COR,
RN CO,Ry+ H20O
Amine Ry
59-63%
R, ~Or{ O
N-pp A
CO Rs=H, Me, Et
N, ©© Rs= Me, Et
CgHy4-COMe N-GeHe 2 OMe 5= e
|\ J

Table 1. CDC reaction of tertiary amines with nitroalkanes

s R! 5 mol% GuBr -
R J\ 1.2 equiv TBHP R
wNH W TN, T ‘,N\/L
R z r.t., overnight R NO»
R* R?
1 2 3
Entry Product Yields (%)* Entry Product Yields (%)*

1 84(65) [

OME 76(62)
bd N\© T0{61) 7t 70(60)
3a NO2 NOz
3 @ 69(52) af OMe T7(51)
@ )
NO, \©
b

NO,

3 3 2

4 @?\, 80(61) o9 @_N/ (30)
NDg: “OMe L\NO
3 L

5

&F ©§;N 81(56) 10 ( > N/ (62)
NOZ:: “OMe 3h NOp
ad

Amine (0.2 mmol), nitroalkane (0.4 mmol), and TBHP (0.24 mmol, 5.5 M in
decane); otherwise are mentioned.
*NMR yields are based on amines and determined by "H NMR using an internal
standard; isolated yields are given in parentheses.
1 equiv (0.2 mmol) of nitromethane was used.
*The ratio of two isomers is 2.1.
51 ml of nitromethane was used.

Table 2. CDC reaction of tertiary amines with malonates

§ mal% CuBr
COOR 1-1.2 equiv TBHP N
@O “ar  COOR Mt.overnight A
ROOC” “COOR
1 7 8
Entry Product Yields (%)* Entry Product Yields (%)*
1 74 7 7
2 : EN‘Pn 2 N-Cetira-OMe
MeO;C COgMe MquC COzMe
8 56
3 65
Neph N, “CgHa-0-OMe
Et0C", CO3Et
Et0,C i CO.Et 207 gg 02
ot 70
4 N 82
“Ph NG Hgo-OMe
PO ~COZPr Me0,C"] ~CO;Me

78

“Ph N CemOMe

el
@

Bu0,C” ~CO-Bu EtO,C cert

0
“Ph

PhCH,CO; COZCHZPh

-3
m>§;m
=

z

Tetrahydroisoquinoline (0.1 mmol), malonate (0.1 mmol), and TBHP (0.02
ml, 5-6 M in decane). [Reproduced with permission from ref. 25 (Copyright
2005, Wiley).]

*Isalated yields.

*CuBr (0.005 mmol, 0.5 mol%), tetrahydroisoquinoline (1.0 mmol), malonate
(1.0 mmol), and TBHP (0.2 ml, 5-6 M in decane); the reaction time is 43 h.
*Malonate (0.2 mmol).

Table 1 Optimization of reaction conditions”

N N
“Ph “Ph

2 equiv MeNO,
0, (1atm)
1a 60°C 3a NO,

Entry Solvent RuCl; (mol%) CuBr (mol%) Time/h Yield”

1 H,O 5 0 18 45
2 H,O 10 0 18 67
3 H,O 5 1 18 62
4 H,O 5 2 18 73
5 H,O 5 5 18 90
6 H>O 0 5 16 90
7 MeOH 0 5 16 90

“ Tertiary amine (0.2 mmol) and nitroalkane (0.4 mmol) were stirred
under O, (1 atm) at 60 °C in 0.6 mL of water. ° NMR yields based
on tetrahydoisoquinoline using an internal standard.




Table 2 Catalytic CDC reactions between tertiary amines with
nitroalkanes with oxygen in water”

Yield
Entry Nitroalkanes 7/°C Products (%)
1 MeNO, 2a 90 (79)”
(3a)
\Ph
NO>
2 EtNO, 2b 60 90 (75)
(3b)
\Ph
NO,
3 PrNO, 2¢ 60 95 (82)
(3c)
‘Ph
NO;
4 2a 40 95 (72)"
(3d)
NO, OMe
5 2b 40 80 (67)
(3e)
NO, : OMe
6 2 40 @E 85 (69)
7 2a 60 30)°
N (39) 30y
8 2a 60 75 (63)°

¢ Tertiary amine (0.2 mmol), nitroalkane (1 mmol), CuBr (5 mol%),
under O, (1 atm) at 60 °C for 16 h in 0.6 mL of water.
* Nitromethane (0.2 mmol) was use. © Nitromethane (1.0 mL,
92 equiv) was use. ¢ NMR yields based on tertiary amines with an
internal standard (isolated yield are given in parentheses).

SCHEME 16. Aza-Baylis—Hillman-type CDC Reaction
10 mol% DABCO
5 mol% CuBr N‘A
N * ZEws B '
“Ar
50 °C, overnight # TEWG

EWG=MeCO, CN yield 24-74%

Table 5. Aza-Baylis—Hillman type CDC reaction

10 mol% DABCO

5mol% CuBr N.

COL, .
SAr TBHP e
50 °C, overnight
1a 15 16

Entry Ar R Product Yield, %*
1 Ph Acyl 16a 53 (30)
2 Ph CN 16b 61 (58)
3 4-MeOCgHa Acyl 16¢ 31(29)
4 4-MeOCgHa CN 16d 74 (69)

Tetrahydroisoquinoline (0.2 mmol), alkene (0.4 mmol), TBHP (0.2 mmol, 5.5 M
in decane), CuBr (5 mol%), DABCO (10 mol%), and 4-A molecular sieve (60 mg).
*NMR yields are based on tetrahydroisoquinoline and determined by "TH NMR

using an internal standard; isolated yields are given in parentheses.

Table 3 CDC reaction of tetrahydroisoquinoline with malonate”

R fuse EWG G
! CuBr (5 mol%) Ri  EW
A e e s Eno
H,0, 60°C, 24h 2
R 0, (1 atm) Ra
1 4 3
Products (isolated yields %)”
N N
“Ph “Ph
MeO OMe EtO OFEt
O O (53) o O (5b)
82 (63) 80 (59)

¢ Terahydoisoquinoline (0.2 mmol) and malonate (0.2 mmol) under
0O, at 60 °C for 24 h in water. ® NMR yields based on tertiary
amines with an internal standard (isolated yield are given in
parantheses).

Rz
[Cu] -OH
_o—cu(ll)
R \CH2R3 )
120, ]
[Cu]
:h
R R

Ra

Scheme 2 Possible mechanism.

Chao-Jun Li, PANS 2006, 103, 8928-8933

Table 4. CDC reaction of tetrahydroisoquinoline with MVK

organocatalyst
@:/\I 5 mol% CuBr N‘Ph
Nepn " /\g/ TBHP #
50 °C, overnight
1a 15 16 O
Temperature, Yield,

Entry Organocatalyst °C %*
1 PPhs, 30 mol% RT 10
2 PPhs, 30 mol% 50 20
3 DABCO, 5 mol% 50 30
4 DABCO, 30 mol% 50 28
5 DABCO, 10 mol% RT 24
6! DABCO, 10 mol% 50 53

Tetrahydroisoquinoline (0.1 mmol). Methylvinylketone (MVK) (0.2 mmol).
TBHP (0.1 mmol, 5.5 M in decane), and CuBr (5 mol%).
*Reported yields were based on tetrahydroisoquinoline and determined by 'H
NMR using an internal standard.
t4-A molecular sieve (30 mg) was added.
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CDC Reaction of !A-C-H Bonds
of Oxygen in Ethers (sp>-sp?)

SCHEME 17. CDC Reaction of Isochroman with Dimethyl Malonate

5 mol% InCly
o o 10 mal% CuBr (o]
o * Mo oome 20 MeO ONe
CH;Cly, t, 24h
o 0

7%

Chao-Jun Li, Angew. Chem. Int. Ed. 2006, 45, 1949-1952

R°0
o H
P 3
R E 4. ( ghicurto
= O
. R l; RC
pbQ
o o
34
R'O._.0 RQOMOR.
DDQH, + R‘,o e} [In/Cu]
R* OR?

Scheme 3. Possible mechanism for the CDC reaction of ether with
malonate.

Table 2: CDC reaction of ethers with active methylene compounds.”

Table 1: Optimization of reaction conditions "

o MeOMOMe s;;‘s:;h MeQ oMe
1a 2a rt o O
3a
Entry Catalyst Solvent Conversion Yield
(1a) %" (3a) [%]"
1 InCl,1 CH,Cl, 96 72
2 In(OACc),? CH,Cl, 100 n.d.
3 In(OTF),4 CH,Cl, 94 76
4 In(NOy);¥ CH,Cl, 100 n.d.
5 In(OH), CH,Cl, 100 nd
6 Cu(OTf), CH,Cl, 93 69
7 Cu(OTHE CH,Cl, 94 50
8 InCly/Cu(OTf), CH,Cl, 92 77
(5 mol%/5 mol %)
9 InCl;/Cu(OTf), CH,Cl, 95 74
(10 mol %/5 mol %)
10 InCl;/Cu(OTf), CH,Cl, 95 77
(5 mol%/10 mol%)
1 InCly/Cu(OTH)E CH,Cl, 96 7
12 InCly/Cu(OTH), DCE 96 76
13 InCly/Cu(OTf),* MeNO, 82 66
14 InCly/Cu(OTH), THF 0 n.d
15 InCl,/Cu(OTf), H,0 68 n.d!
16 InCl,/Cu(OTH), PhMe 80 43
17 InCly/Cu(OTH), MeCN 68 44

[a] Isochroman

(0.5 mmol), dimethyl malonate (0.6 mmol), DDQ

(0.6 mmol), solvent (2-3 mL). [b] Determined by '"H NMR spectroscopy
using an internal standard. [¢] Catalyst: 10 mol%. [d] Not detected by
'H NMR spectroscopy. [e] In/Cu (5 mol %/5 mol %).

Entry 1 2 Product Yield Entry 1 2 Product Yield
[%]" 9]
00 wlten O ;
[ele]
O MeO OMe
1 MeO. Olgle n 9 1a o ° Q. (;I 65
1a 2 a .
a 6 0 2i oxo
2 1a EtO OEt o ot 6 10 . 0 2a MeO OMe 60
2b 3b 3
0(1:1 )0
[ RN e] o
A °
3 1a i-CyH,0 OC.H-i i-C:ﬁ/OQHTI 63 1 1b 2b EtO. OFt 57
2 20 o 3k
o o (1:1)
o o o
4 1a S\o)k)ka/k decomp. 12 1b 2g MeO. ! ove 40
2d 5oLy
1:0.7)
N N
Ph™ O 0" Ph
5 Ta Ph._O o_Ph 65 13 1b 2h Ph NO, 65
2e 3e 3m
6 o (4:0.5:1.5:1)
o 0
AR 0 e 8
MeO’ ‘OMe el OMe
6 Ta MeO OMe 53 14 2a Moo ] 48
2f 3f 1c Y
o o o}
? o
EtO
o o ©© 0 OFt
o OFEt * o
MeO’ OMe [d]
7 1a ) oo <% oo 64 15 1c 2b o { et
29 39 o EIO 1
0 o b
o}
30 13% (1.51)30 15%
o 0
i ° - MeQ oM
(o} e e
8 Ta N P 216 ©/\ 2a 7
~
NO, 1d o
2h o 3h 3
(2.5:1) a

[a] Diethyl ether (0.5 mmol), active methylene compound (0.6 mmol), InCl;/Cu(OTf), (5 mol %/5 mol %), DDQ (0.6 mmol); all reactions were run for 24—
36 h. [b] Yields of isolated products based on ethers. [c] Phthalan (0.2 mmol), dimethyl malonate (0.4 mmol), DDQ (0.2 mmol). [d] Phthalan (0.2 mmol),

diethyl malonate (0.4 mmol), DDQ (0.24 mmol).
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SCHEME 18. CDC Reaction between Benzyl Ethers and Simple

Ketones
.
Ry, o RLO o
. HLRE DDQ R?
R? heat R?
isolated yields; 24-76%
Table 2. CDC Reaction of Benzyl Ethers with Ketones?
R?= H, Me. Pr,
o
©:j m@\/ R®= Ph, 4-MeCyHy, 4-MeOCgH,, 4-BrCqHa, R 2
O 1
Sty Br B Bl @/\oﬂ . R o o
\ Y, R* 100°C
Chao-Jun Li, J. AM. CHEM. SOC. 2006, 128, 4242-4243 entry sther ketone product vield(%)°
o}
Table 1. CDC Reaction of Isochroman with Acetophenone? 1 m ©)l\ O o Q 69
78)°
o O 1a 1b 1 e
CO - iy e O ST
0 Me O 2 1a ©)‘\’ O o O (861°
)
1a 1b 1c O 2b 2¢
o e}
ether/ketone/DDQ temp yield
3 1
entry (mmol) solvent? ) (%)° ? /@ O o Q 65
1@ 4/0.24 [BMIM]PFs 1t 5 ® } X
2¢ 0.24 neat 1t nd O
3 0.24 neat 50 10 4 1a © O B a8
4 0.24 CH,Cly reflux nd B ic
5 0.24 1.4-dioxane reflux nd’ o o
6 0.24 DMSO 100 nd’ ,@A CL) o owe
7 0.24 PhMe reflux 40 5o ) 5
8 0.24 MeNO; reflux 60 5b 5¢ I
9 0.24 H.0 reflux 45 "
10 0.24 DCE reflux 38 6 1a @\)K O ) 80
11 0.24 THF reflux 10 Br . O
12 0.24 hexane reflux 10 &b o & B
13 0.24 MeCN reflux 35 , O
14 0.24 neat 100 76 1a e 4 30
15 0.24 neat 125 71 70 Te
16 0.24 neat 100 37 o O OH
17 0.2 neat 100 66 s 1a ©)K ) .
18 0.2/0.4/0.3 neat 100 62 Yo 3
- - - 8b 8c
4 Reaction time: 2 h. ? Solvent (0.5 mL) was used. < 'H NMR yield o o]
using an internal standard. 9 Reaction time: overnight, InCls/Cu(OTf), a o 1a O 3
catalyst. ¢ Reaction time: overnight. /Not detected by !H NMR. & Isoch _ 39
roman (60%) remained after the reaction. # Yield was based on ketone. 9b %
o
Scheme 2. CDC Reaction of Isochroman with 2-pentanone 10 1a \/J(J)v (353:/\ 76
(1:1)
m . j\/\ DDQ(0.25mmal) 1oe 10c g
o
ia 13k 100°C, Ny, 2.5h " 1a NP PN e 60
0.2mmol 06mmol  isolated yield 50% 11b = (1:1)
c
16¢c 16d e
'H NMER ratio (crude reaction mixture); 1 L3 (dr=1:1) 12 1a j.ljro\/ o) o 40
o o™~
12b 12¢ o
3 @:}’/ 10b ° 65
Scheme 3. Tentative Mechanism for the CDC Reaction of Benzyl 2 (1:1:0.81.2)
Ethers with Ketones Mediated by DDQ e 0
1 R12 . o~
R"D . 0 o O.-)H/_‘P Q CN 14 ©/\ 2b - O (f:?l)
o XL — e o u (T e
= cl CN cl o g
0
15 10b 24
= HO * @Io: (1:2)
Rl% N 150
! \ { H H @ Reaction conditions: ether (0.2mmol). ketone (0.6 mmol). DDQ (0.24
RL o2 kR3\ﬁ<R2 mol). Ny, 100 °C, 2.5 h. ? Isolated yield: the ratios of diastereomers
Q OlL o easured prior to purification are given in parentheses. ¢ 'H NMR yield
) R: " | oH ith internal standard.
= R2
R o \_/ICI 5 cN
& o eN
_ OH
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CDC Reaction of Allylic and Benzylic C-H Bonds

Allylic Alkylation (sp3-sp3).

SCHEME 21. Allylic Alkylation via CDC Reaction
2.5 mol% CuBr Q o
10 mol% CoCl, Me Me
O __TBHP
)I\/IL 80 "C aver night
71%

Chao-Jun Li, J. AM. CHEM. SOC. 2006, 128, 56-57

5 mol% [Pd] e
o O 5 mol% CuBr  Me Me
+ .
MeMMe 1 equiv TBHP
80°C
5%
Table 1. Optimization of Reaction Conditions
o
X mal% Cu}
¥ mol% [Co Me” Me
TBHP
O M 80 “C over night
3a
1a 2a [Cup? [CoJ? TBHP yield
entry (mmol) (mmol) (mol %) (mol %) (mmol) (%)°
1 2.5 1.0 5 5 1.0 25
2 2.5 1.0 5 2.5 2.0 12
3 1.0 2.0 5 5 1.0 6
4 2.5 1.0 5 10 1.0 36
5 2.5 1.0 10 10 1.5 29
6 5.0 1.0 1 10 2.0 62
7 5.0 1.0 2.5 10 2.0 71
8 5.0 1.0 1.25 5 2.0 60
9 5.0 1.0 2.5 (Cul) 10 2.0 57
10 5.0 1.0 2.5 (CuBr) 10 2.0 60
11 5.0 1.0 2.5 (CuCl) 10 2.0 70
12 5.0 1.0 2.5 10 (Col,) 2.0 10
13 5.0 1.0 2.5 10 (CoF2) 2.0 frace
14 2.5 1.0 0 5 1.0 10
15 2.5 1.0 5 0 1.0 0

a CuBr was used. unless otherwise noted. ? CoCl, was used. unless
otherwise noted. ¢ NMR yields using an internal standard.

o O
o 0 standard conditions
+ _— -
)I\/U\ 41 %
4
e}
@ o 0 standard conditions __
+ - 5
M 18 % 0
5
7
o O
D
Djij O O standard conditi D
D Stanaard conaitions D
-
D )J\/U\ 55 % b . DD o)
D 8 D 0
D 4 10
(9:10=1:1)
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SCHEME 20. Tsuji—Trost Reaction and Allylic CDC Reaction

Hew o~ P /1\ e N

L

(1)

CDC reaction

A1+ HeNu Z~Nu 2

Table 2. Cross-Dehydrogenative-Coupling Reactions of Allylic
C—H and p-Dicarbonyl C—Ha

Entry Alkene Diketone Product Yield (%)°
o 0
o o Et Et
e w e
EtMEt )5(
1a 2b
o 0
0O O Ph Me
2 1a 3c 64
P~ e
(1)
2c
0O 0
O 0 Me OMe
3 1a 3d 41
Me”~"oMe )5 (11
2d M
o o o O
4 1a ’QMOEI O OE':’ 71
e
Br = 0 (a1
2e
0 0
o o ¢ OEt
5 1a 3f 55
oA A o ¢5L
(1)
2f
]
[ 3] 2
6 1a é}Me Me 3g 31
(1:1)
29
o]
oo o
7 1a Me Me 3h 46
(1.7:1)
2h
o o [slaye]
8 1a me?~ e Me™ Tmlte 3 41
Me
2i
o O
(o] Me Me
9 QL 3 24
Ph MeUMe E )
1b 2a Ph
(el e]
10 @ 2a Me | Me g 53¢
1c
o o
" O 2a Me‘E Me 4 a0
o]
Me o
12 O 2a Me 3m 35

1e

@ Conditions: 0.025 mmol of CuBr. 0.1 mmol of CoCly, 5.0 mmol of
alkene. 1.0 mmol of 1.3-dicarbonyl compound. and 2.0 mmol of TBHP.
& Isolated yields were based on 1.3-dicarbonyl compounds: the ratio of two
diastereomers is given in parentheses. ¢ At 50 °C.

P 6 Q
ROH R,T] R JI\/U\R.

|
OH

=_-H+ROCH



Benzylic Alkylation (sp3-sp3).

-
SCHEME 23. Benzylic Alkylation via CDC

o o
H

[ Ie]
ED/LR1 : RBMRZ
RZ, R® = Ph, OMe, OEt, Me, "Bu, 4-CIC¢H., 4-MeOC4H,, 2-MeOCsH,
F F MeO
cCho G

10 mol% FeCl, s R2

‘BuOC'Bu R
80°C, 8h

25-87%

J

Chao-Jun Li, Angew. Chem. Int. Ed. 2007, 46, 6505-6507

Table 2: Alkylation of diaryl C—H bonds.™¥

Entry  Diaryl Product Yield [26]"
substrate
o 0O
Ph Ph
1 3b 68
. SR

OMe
(L2 s

Table 1: Optimization of the reaction conditions.F!

o O
it cat Ph Me
PR P ¢ PhMMG oxidant
1a 2a Ph” "Ph
3a
Entry Catalyst Oxidant T[°C] t[h] Yield [%]"
(mol %) (equiv)

1 CoCl, (10) TBHP (2) 00 5 1
2 CuBr/CoCl, (10/10) TBHP (2) 100 5 30
3 CuBr (10) TBHP (2) 100 5 ndl
4  FeCl, (20) TBHP (2) 80 & 46
5  FeCl, (20) tBuOOtBu (2) 80 & 66
6  FeCl, (10) tBuOOtBu (2) 80 8 47
7 FeCl, (20) PhCOOO1Bu (2) 80 8 ndl
8  FeCl, (20) tBuOOtBu (1) 80 & 64
9 FeBr; (20) tBuOOtBu (2) 80 8 49
10 FeCl; (20) tBuOOtBu (2) 80 & 56
1 Fe(OAc), (20) tBuOOtBuU (2) 80 8 ndM
124 FeCl, (20) tBuOOtBu (2) 80 8 46
13 FeCl, (20) tBuOOtBu (1) RT 36 &5
14 FeCl, (20) tBuOOtBu (2) RT 36 80
15 - tBuOO1BuU (2) 80 8 ndl

[a] 1-Benzoylacetone (0.5 mmol), diphenylmethane (6.0 mmol), and

2 Ta o - TBHP (5-6M in decane) under nitrogen, unless otherwise noted.
O [b] Yield of isolated product. [c] Not detected by NMR spectroscopy.
o o0 [d] Only 1.0 mmol of diphenylmethane was used.
Ph Ot
3 1a I O 3d 65
o o Table 3: Alkylation of cyclic benzylic C—H bonds.®
.Ph s . b
Ph N Entry Cyclic Product Yield [%6]"
H 3e
4 1a O O 84 substrate
o o
o o
P DRSS (1:2)
u 1 71 (1.2:1
3f
5 1a I O 25 "
o 0 o 0O
Ph Me Ph OBt
6 . F 39 66 2 1f 87 (1:M)
v SA®
F F
o o o 0
Ph Ph 3 MeQ O 3m
’ Meo” 7 O O 64 3 1f O‘ . 78 (1:1)
c
MeO
o 0 o O
saclloe. wpn
8 oM 8 40 4 1f 3n 61
. L
OMe
o @ o] o
O ~ ™ . @O Ph
. O Ph 3 67 5 me 30 85 (1.2:1)
7 P u
O
[a] Conditions: 1 (6.0 mmol), 2 (0.5 mmol), tert-butyl peroxide Ph o
(1.0 mmol), FeCl, (0.1 mmol), 80°C, 8 h. [b] Yield of isolated product. 6 1] on 3P 60
o o
BuO-Fe" + Buo” e P o
PR Ph MeO
7 1j O 3q 80 (1:1)
tBuOOBu. 2{BuOH O.
1 Fe!! “
Fe 0 o o ;
[a] Conditions: 1 (6.0 mmol), 2 (0.5 mmol), tert-butyl peroxide

(1.0 mmol), FeCl, (0.1 mmol), 80°C, 8 h. [b] Yield of isolated product.
The ratio of the two diastereomers is given in parentheses.

< Y
31}

Scheme 3. A tentative mechanism for the FeCl,-catalyzed benzylic
alkylation.
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CDC Reaction of Alkane C-H Bonds

Alkane Alkylation (sp3-sp°).

SCHEME 24. Alkane Alkylation via CDC

O

Et
h

1 mmol TBHP

(10 mmol) (0.5 mmol)

Q,

10 mol% FeCly 4H,0 OEt
Ph

100°C, 12 h, N

o)
88%

Chao-Jun Li, Eur. J. Org. Chem. 2007, 4654-4657

Table 1. Optimization of reaction conditions.l?l

0 0
OEt cat. M OEt
.
O z;ph oxidant Ph
o) o)
1a 2a Ja
Entry Catalyst (mol-%) Oxidant (equiv.) 7 [°C] Yield [%]/®!
10¢] FeClydH,0 (20) PhC(O)OO!Bu (2.0) 100 30
2 FeClyaH;0 (20) TBHP (2.0) 100 NDW
3 FeClyr4H,0 (20) PhC(O)00!BuY (2.0) 100 52
4 FeClx4HQ (20) Diftert-butylperoxyisopropylbenzene (1.0) 100 60
5  FeCly4Hy0 (20)  PhC(CH3)200C(CH3),Ph (2.0) 100 75
6  FeCl»4H,0 (20)  PhCT{CH3);00tBuU (2.0) 100 75
7 FeClyaHy0(20)  PhC(OIOOC(O)Ph (2.0} 100 35
8  FeCly4H,0 (20) tBuOOIBuU (2.0 100 79
9 FeF, (20) BuQOtBU (2.0) 00 <5
10 FeCly (20) {BUOOBUY (2.0) 100 75
11 FeBr, (20) BUQOIBU (2.0) 100 65
12 FeCly (20) tBUDOMBY (2.0) 100 65
13 FeCly6H;0 (20) BuOOBU (2.0) 100 70
14 Fe(NO3)39H,0 (20)  BuOOBU (2.0) 100  NDM
15 FeS0,XH,0 (20) BuOO!BU (2.0) 100 ND
16 Fe(Cz04)2H,0 (20)  fBUQO(BU (2.0) 100 N.D.
17 Fe(acac); (20) BUOOIBuY (2.0) 100 N.D.[
18 FeCly4H,0 (20) BuQO1Bu (2.0) 75 40
19 FeClydH,0 (10) tBUCOIBU (2.0) 100 20
20 FeCly4H,0 (20) BuOOBuY (1.0) 100 54
21 FeCly4H,0 (40) 1BUOOIBuY (2.0) 100 8D
22 FeCly*4H,0 (20) tBUOOIBU (4.0) 00 75
23 e {BUOQIBU (2.0) 100 <5

[a] Ethyl benzoylacetate (0.2 mmol)., cyclohexane (4.0 mmeol), 12 h
under N,: unless otherwise noted: TBHP (5-6 M in decane). [b]
NMR spectroscopic yields by using an internal standard. [¢] Ethyl
benzoylacetate (0.2 mmol). cyclohexane (1.0 mL). 12 h. [d] Not de-
tected by NMR spectroscopy.

o

o

©)uo«+@

1

0.5mmal 2.5mmol

Scheme 2. Alkylation of ethyl benzoylacetate with adamantane.

o o

{BuOOBU (1.0 mmoly
FeCl;"4Hz0 (0.1 mmaol)

benzene (1.0 mL)
100 °C, 12 h, Ny

85%

PN @/lk/ko/\ standard conditions
46%

19

12/15

2a

3s

3s/3t, 41

Table 2. FeCly-catalyzed alkylation of alkane C-H bonds.[?]

Entry Alkane Products Yield
[%]lb]
1 (1) O™ 54 88
a
00
2 1a o 3b 74
00
0'\
3 1a cl 3¢ 64
00
~~
4 1a ~O%° 3d 75
o0
~
5 1a @go 3e 48
‘00Q
6 1a %O\ ¥ 83
00
7 1a C\‘@go 3g 84
Q0
8 1a @6‘@ 315
00
9 1a @"é\ 3i 10
00
10 ® 0™ 3 75
o
11 1b o 07 3k 70
o0
12 O @60" 3 77
1c
00
13 LI m 7
o)
ey 0™ 3n 38
1d oo
15 1d CI,@’EU 30 82
foXe}
16 1d ; o~ 3 72
o
0
e
v A 0™ 3 82
1e 11
co
-
18 1e 3r 49
CV@K (1:1)

[a] Conditions: 1 (10 mmol), 2 (0.5 mmol).

tert-butyl peroxide

(1.0 mmol), FeCl,-4H,0 (0.1 mmol), 100 °C. 12 h, N,. [b] Isolated
yields are reported; the ratios of two isomers are reported in the
parentheses. [c] 23% of 2a remained after reaction.

ROOR

Fe'l

O o Qo O
S
3u 3v

3ui3v, 1:2

Scheme 3. Alkylation of ethyl benzoylacetate by n-hexane.

RO-Fel + RO*

0O ©
o |
OR
.,
o 0

el

OR

Q 0O

Scheme 4. Tentative mechanism for the Fe-catalyzed alkylation
with simple alkanes.



Alkane Arylation (sp>-sp?).

(- R e R R
SCHEME 26. Methylation of 2-Phenylpyridine with Dicumyl
Peroxide
3 & F
\ 10 mol% Pd{OAc), | |
. N
N, N
phto-ofen
130°C, 12h, N,
yield
2-phenylpyridine:peroxide = 1: 1 50% 10%
2-phenylpyridine:peroxide = 1 : 4 0% T0%
N\ J

Chao-Jun Li, J. AM. CHEM. SOC. 2008, 130, 2900-2901

Table 2. Methylation of sp? C—H Bonds with 2f?

entry substrate (1) product and yields™® overall yield

3 g 4

N N

=N N, N

1a 3a 4a
16 54% 18% 72%
2ldl 45% 28% 73%
alel 63% 63%
4 55% 55%
3b 35% 4b 24% 59%

of’(“

3c 55%

-
o
¢
76%
3d

4c 13%(NMR)

68%

\
e
1d

= & 7z
4 s . )
N N N
s
8 MeQ MeO' 60%
36 32% 4o 28%
|
N
g
Meo,c 0 Me0,C MeOZC 63%
3 55% o 8%
=~
o
N
63%
39
N
©’\\f( 42%
O
N
g ) 33%
O 3
H = =
9 |
N N
. v a2
3a D 3j

Total yield of 3a and 3j = 42%
"H NMR ratio of 3a:3) = 1:1

30%

@ Conditions: all reactions were carried out with 1 (0.5 mmol), dicumyl
peroxide 2f (1.0 mmol), 12 h under N». unless otherwise noted. ? Isolated
vields. € 1a (0.5 mmol), dicumyl peroxide (0.75 mmol). @ 1a (0.5 mmol).
dicumyl peroxide (1.0 mmel). ¢ 1a (0.5 mmol), dicumyl peroxide (2.0
mmol). 1d (0.5 mmol). dicumyl peroxide (0.75 mmol).

Table 1. Optimization of Reaction Conditions?

= =
cat. M < -
- . N . N
peroxide (2)
3a 4a
yields of
entry catalyst (mol %) 2 (equiv) TG 4% 4 (%)t
161 Pd(DAC); (10) +o—olr (2a) (5.0) 140 20+ 0
28 pg(OAc), (10) 2a (50) 150 40 + 5
3 Pd(OAc): (10) —-0—OH (2b) (20) 130 olel

4 Pd(QAc); (10) Phctogo—o%(z:)(z 0) 130 5 + off
prfo-of- @) 20) 130 s0+ 10

p-csH.‘Ho—o{—)z (10) 130 50+ 10

5  Pd(QAc), (10)
6  Pd(OAc); (10)

7 PAOAG, (10) Ph-+O- oJrPh () (20) 130 50 + 40
8  PdCl; (10) 2f (20) 130 65 + 10
9 (CHCN)PACI; (10) 2f (20) 130 55+ 7
10 Pd(CF4COOQ)s (10) 2f (2.0) 130 30 + 10
11 Pd(PPhs), (10) 2f (2.0) 130 30 + off
12 Pd(CsH;Oz); (10) 2f (2.0) 130 20 + 5

13 (PPh3);PdCl; (10) 2f (20) 130 20+ of
14 Pd(OAc); (10) 2f (1.0) 130 50 + 10
18 Pd(OAC): (10) 2f (40} 130 o+ 70
16 Pd(OAc); (10) 2f (20) 150 50 + 45
17 Pd(OAQ); (10) 2f (20) 100 40 + 5
18 Pd(OAc); (5) 2f (20) 130 60 + 20
19 —-mmee- 2f (zo) 130 ofel

@ Conditions: all reactions were carried out with 1a (0.2 mmol). 12 h
under N> in a closed reaction vessel, unless otherwise noted. ? 'H NMR
vields determined by using 1.4-dioxane as an internal standard. € Reaction
time: 5 h. 9 fert-Butylbenzene (0.1 mL) as solvent. ¢ Not detected by 'H
NMR: 90% of 1a remained. /Not detected by 'H NMR.

Scheme 2. Tentative Mechanism for the Palladium-Catalyzed
Methylation of Arenes with Peroxides, [Pd] = Pd(0) or Pd(Il)

Me  Me
R—hto—o—hL—eR

SCHEME 28. CDC Reaction between Phenylpyridines and Cycloalkanes

/ I
NSy O 10 mol% [Ru(p-cymenelCll,
T - - %
‘/ > TBHP, 135°C, 16h, N,
R

R=H, 4-Me, 4-MeQ, 4-F, 4-Ph, 4-EtO,C, 3-Me, 3-F, 3-MeO

Cycloalkane= cyclohexane, cycloheptane, cyclooctane

Ar-Me
3
2
[Pd]
A
Me Me
Me—[Pd]—Ar R+°'[Pd]_°+R
F Me B Me
Me
HO—-R
Me Me
E Mef[Pdlfoﬁ»H o
Ar-H p Me Py
1 R™ "Me
c
N
/‘ “ |
N
X \N * |\ N
L
>
R~ R
total yield 42-75%
J

Chao-Jun Li, Angew. Chem. Int. Ed. 2008, 47, 6278-6282
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Table 2: Cross-coupling of various arenes with cycloalkanes.®!

Table 1: Optimization of reaction conditions.

Entry Arene Alkane Product Yield [%]®!
=
\N‘ O cat. & @
* peroxide °N M N Z ]
(3) 1 3. Sy 75
S (4a/5a=1.1:1)
4a 5a

2a
1a 2a

4a 5a

2a 4a + Sa 56
(4a/5a=1.5:1)

7
2a “ . \N‘ 62
Y (5b, trace)
Me’
Me’
4b 5b
2]
Z
N 54
2a . I+ N
N (S¢, trace)
MeQO
MeO

Entry  Catalyst Peroxide Yield of4a+5a[%] 5o
(4a/5a)

Ta

A
3a 0 3 /@J\/j
Ru;(CO),, 3a 0 Me'
[{RuCl(CO):}] 3a 0
Ru(acac); 3a 43 (1.3:7)
[{Ru(COD)Cl,}] 3a 41 (241
Ru(CO)H,(PPh,), 3a 51 (1.5:1)
[{Ru(benzene)Cl,},] 3a 40 (2.6:1) /@/O
O

W W N U A WN

[{Ru(p-cymene)Cl,},] Ph‘l‘°'°‘|"’“ 20 (4.0:1)

ac 5c

9
“ 7
] N
2a SN * N (4d, trace)
F
F

10 [{Ru(p-cymene)Cl,},] Ph‘|‘0'0+ 33 (2.0:0)

1 [{Ru(p-cymene)Cl,},] D’CEH4H'0'°+>2 40 (1.0:1)

!

[{Ru(p-cymene)Cl,},]  3a 58 (1.5:1) "
s

E

o]
12 [{Ru(p-cymene)Cl,}y] Ph)"O-O-f— 0

13 [{Ru(p-cymene)Cl,},] H0’0+ 0 6° 1d 2a 4d + 5d 60
(4d/5d=1:1)

14 [{Ru(p-cymene)Cl,},]  3a 50 (1.5:1)

159 [{Ru(p-cymene)Cl,},]  3a 35(1.5:1)

16 [{Ru(p-cymene)Cl,},]  3a 80 (1:1)

1751 [{Ru(p-cymene)Cl},]  3a 0 7

188 [{Ru(p-cymene)Cl,},] 3a 70 (7:1)

7 <
2a e N 643 5e=5:1
o N (4e/Se=5:1)

Ph

[a]Ta (31 mg, 0.2 mmol), catalyst (10 mol%), cyclooctane (0.6 mL,

cyclooctane was used. [g] Benzene was used instead of cyclooctane, and
the yield was refers to the methylated product.

9
N
1a
7]
N
1b
Z]
N
1c
9
N
1d
7
N
1e
e 5
4.5 mmol), peroxide (2 equiv), 135 °C, 16 h in air unless otherwise noted.
[b] Reaction was carried out at 120 °C. [c] Yields determined by using N P
NMR methods in which 1,2-dichloroethane was the internal standard. s Sy 2a @ S J 63
+
[d] 5 mol% catalyst was used. [e] 4.0 equiv of peroxide used. [f]No E0,C SN (5f, trace)
EtO,C
" Et0,C :
af 5f

= | " I
e S,
, Me SN 5 N 53
2 (5g, trace)
19
= D =
| | %
= =
N N Table 2: (Continued)
Ent Arene Alkane Product Yield [%]*
D D Yy %]
6 7

= =
F. < F. <) “ )
a B N N F. N 64
o I Z 2a " N (5h, trace)
1h
alkyl—H + RO-OR

= =
gy o)z s ]

MeO N
N N N 48
/ n O 2a (51, trace)
H [Ru—H W
1 B
2H-OR
[Ru] = | > | O
A SN SN 42
| 2 O 2a (5], trace)
[Ru]—alkyl 1j
Cc
2]
>
I 13 N 2a 50
\N (5k, trace)
1k
alkyl
4
=z
Scheme 2. Proposed mechanism for the ruthenium-catalyzed cycloalky- <) z
lation of arenes mediated with peroxides. N o 70
14 Ta o (41/51=1.1:1)
2 7 B
4 51
Z
< -
O : o 2
* N
s Ta - (4m/5m=1:1)
4m 5m

[a] 1 (0.2 mmol), tert-butyl peroxide (0.8 mmol), alkane (0.6 mL), 16 h in air unless otherwise noted. [b] Yields of isolated products. [c] 2 equiv tert-
butyl peroxide was used. [d] The reaction was run for 6 h.
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Table 2: Decarboxylative C,—C,, coupling of a-amino acids with alkynes.”
2

R2 j: CuBr (15 mol %) Rl R
RrL — 5a (30 mol %, ‘NJ\
CuBr RL )\ NTTC0OH * =R T d equin) P
(0] )N Nu o A 2 tol,110%, Ar  Ph 3
Ph Entry 1 R Product Yield [96]"
Scheme 1. Copper-catalyzed decarboxylative coupling of ct-amino (1 O\
acids. N TGOCH M-
1 3 Ph ] Ph
Ph' Ph
1 2 3 90(80]
Table 1: Optimization of reaction conditions.” 2 2 2 (20)
[ T o s
P coon” = s = 2 4MeOC,H, o
) Ph
Ph” 1a 2a o7 3a 1a 2b 3b 86(70)
Entry Catalyst Oxidant Ligand NMR Dimer —
yield [26]®)  yield [9] 3 4-MeCgH, )N ==
Ph Me
1 cusr woof - 42 8 1a 2c 3c 89(73)
2 CuBr Ph‘l»D'O‘I» - 31 trace -
Ph~|—0-0+Ph 4 4-PhCyH, )N =
3 CuBr - 45 trace P Ph
o]
4 CuBr pnko—()«»» - trace 6 la 2d 3d 95(80)
=
oC N ==
5 CuBr + 4a + - 81 7 5 6-methoxynaphthalenyl Ph) O
6 Cul  4a - 65 1 O o
7 CuOTF  4a - 36 trace g
8 Cucl 4a - 54 trace 1a 2e 3e 74(56)
9 CuBr 4a NEt; 82 trace .
| 6 CeHyr )N TUCHe
10 CuBr 4a RN 90 trace Ph
I 5a 1a 2f 3f 83(65)
9 =
mn CuBr 4a B 7 73 trace 7 Tcyclohexenyl (}\\‘O
=N N.# PR
[a] Reactions were carried out on a 0.3 mmol scale in toluene (1.5 mL) la 2g 3g 76(56)
under argon at 110°C, overnight with Ta (1.0 equiv), 2a (1.5 equiv), QCOOH —
- - - - . N N =
oxidant (1.4 equiv), catalyst (0.15equiv), and ligand (0.30 equiv). 8 J P Ph
[b] Reported yields were based on 1a and determined by NMR methods m-CICEHS m-CICH]
using an internal standard. [c] Yield of isolated product. 1b 2a 3h 86(77)
. D 3.,
::;l:)d.'z fa] Decarboxylative C,;—Cy» and C.p—C,, coupling of a-amino PNOCH .) VNOZ%W)
’ R 1c 2a 3i 58(41)
R? CuBr (15 mol%) L
Rl AL + H-N 5a (30 %) RN N (1
N” "COOH Y da(ideqivytol, ) 10 N "CooH )N =
P 1 6 110°C, Ar PR 7 Ph P m
Entry 1 6 Product Yield [2] o . 1d 2a an. 3 81(74)
n N coon N
[D { B B
! N
1 Ta ety ., /N 87(74) le 2a 3k 39(20)
H H [a] @-Amino acid (1.0 equiv), alkyne (1.5 equiv), 4a (1.4 equiv), 5a (30 mol%), and CuBr (15 mol %) in
6a 8 7a toluene (1.5 mL). [b] NMR yields are based on -amino acid and determined by NMR methods using an
’ Br internal standard; yield of isolated product is given in parentheses.
2 1a ¢ )N 4 87(74)
N Ph N 4a (1.4 equiv)
" H &COOH Ph—= —— O\
6b 7b N tol, 110 °C, Ar J.I =-pp
Ph h
1a 2a .
3a, NMR yield = 0%
3 1d (@ N 78(63) 2, NNIR yield = 0%
H PhH H O\ 4a (1.4 equiv) ~—
6¢c 7c N~ COOH +Me’(/_© tol, 110°C, Ar )N i Y
4 1c 6c P "N 57(50) 1a 6a 7a, NMR yield = 27%
p-NOCeH, H conv. = 37%
7d ( Scheme 2. Decarboxylative coupling reaction without CuBr.
5 1b 6c j' / 82(69)
m-CICH N 3
Hi H R CO; + 2ROH R?
Te 2 -
Me\( S we i N RNcoom
P "
Y B 0 /CH RO-OR CHy 4
H Ph Rl 8 cat. CuBr R‘/
6d 7f
NO.
7 1a CH,NO, N 39(86)F
L
h R
e "
NO, N
CuBr _1 CuBr
3 1c 6e )N 73(58)" CH
P-NO;CoHS R R 9
7h RZ o
[\ _no, N g R? H P Ph
9 1b 6e )N 77(67)8 _CH, Ph R-d o
m-CIGH; R! 3 N Cu Br
7i Br Lhe \

[a] a-Amino acid (1.0 equiv), nucleophile (1.5 equiv), 4a (1.4 equiv), 5a

FPh

(30 mol %), and CuBr (15 mol%) in toluene (1.5 mL). [b] NMR yields are
based on a-amino acid and determined by NMR methods using an
internal standard; yield of isolated product is given in parentheses.
[c] Used 3 equivalents of the nucleophile.

Scheme 3. Proposed mechanism for the copper-catalyzed decarboxyla-
tive coupling between an a-amino acid and phenylacetylene.
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