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Generation of Metal Carbene and Their Classic Reactions
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When Metal Carbene Process Meets Cross-Coupling Process

B
Metal Carbene Process

"
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For reviews, see:

(a) Barluenga, J.; Valdés, C. Angew. Chem. Int. Ed. 2011, 50, 7486.
(b) Shao, Z.; Zhang, H. Chem. Soc. Rev. 2012, 41, 560.
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From Pd, Cu Catalysis to Rh(l) Catalysis
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Brief Introduction of Carbene Coupling Reactions
B

The First Catalytic Carbene Coupling Reaction:

Pd,dbas (2.5 mol%)

7 X TMSCHN AsPh3 (15 mol%) T XX X =Br, R=4-CO,Me, 60%
R4 + 2 — > R X = Cl, R=4-NO,, 57%
Z iPrNEt,, DCE Z X = Cl, R = 3-OMe, 54%
slow addition reflux, 1 h 3 examples
Ar TMSCHN,
Ar” X \_paL,
|
V X
PdL Ar, L
n \—PI @X
iPrNEts HBr ® 'B/é
Ny~ ~TMS
iPrNEt,
L N>
H—Pcli—X Migratory Insertion Ar. L

ATY <«— AN TS

Greenman, K. L.; Carter, D. S.; Van Vranken, D. L. Tetrahedron 2001, 57, 5219.



The Development of Pd, Cu Catalysis

.
N-Tosylhydrazones (Good Precursors for Non-Stabilized Diazo Compounds)
AN
NNHTs X Pdy(dba); (1 mol%) | /_R
R1J\(R3 ; R—:(j/ Xphos (2 mol%) __ . 16 examples
, Z . . RIVXA-R 52-98%
R LiOtBu (2.2 equiv)
R",R% R%=H,alkyloraryl ~ X=Cl,Br  70-110°C, dioxane R®

Barluenga, J.; Moriel, P.; Valdés, C.; Aznar, F. Angew. Chem. Int. Ed. 2007, 46, 5587.

Oxidative Carbene Cross-Coupling

RZ 0O Pd(PPh3), (2.5 mol%) RZ O

iProNH, BQ 21 examples
R’ )\r(u\ R + ArB(OH), oluene. 80 °C > R J\HL RS 44-97% yields
N2 15 min Ar
Peng, C.; Wang, Y.; Wang, J. J. Am. Chem. Soc. 2008, 130, 1566.

Cu(l)-Catalyzed Oxidative Carbene Cross-Coupling

NHT Cu(MeCN),PF¢ (5 mol%)
s Ligand (6 mol%)
L + =~ > TN sroryen
R Cs,CO3 (3 equiv) R R - o7 ylelds
dioxane, 90 °C

R1

Xiao, Q.; Xia, Y.; Li, H.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2011, 50, 1114.



Rh(l)-Catalyzed Carbene Cross-Coupling

I
L [Rh(cod)OH],
0 N 2 mol% MeO,C Ard
Ar'—B’ ] + )Ji + AR Br ( ) > 2><\1 21 examples
\O/T Ar2” >CO,Me KOtBu (3 equiv) Arc™ “Ar 15-88%
MTBE, 40 °C T
@@\'
1 ‘\R27Ar1 O OMe  kotBu KoY OMe -
Rh-Ar'—se M/ — gy I r
] /—‘ J
A7 CO,Me a2z N o (
Rh'OtBu

Tsoi, Y.-K.; Zhou, Z.; Yu, W.-Y. Org. Lett. 2011, 13, 5370.

Rh—R Pd—R Cu—-R

AT e JT e K

Novel reactivity?
. J




Merging with C-C Activation of Benzocyclobutenols
B
Prof. Murakami gave a report in Perking University on October 22”0', 2013.

o [Rh(cod)(OH)

+ Et————Et -
I P OH

1.0 mL toluene, 100 °C, 4 h
¢ [Rh]-OH

[Rhl~g .
Ph_ R ,

| P o
Ph

C-C bond Alkyne
Cleavage Insertion

Ishida, N.; Sawano, S.; Masuda, Y.; Murakami, M. J. Am. Chem. Soc. 2012, 134, 17502.

/

Our Design:
N, - R R ] :
OHR [Rh] Py RUR
I\ cat. Rh(l @(/a\ R R [Rh] OH
— —>

= R R

C-C bond A Carbene

Cleavage Insertion i 0O~ R




Merging with C-C Activation of Benzocyclobutenols

B
quaternary carbon
OH N, [Rh(cod)(OH)], Mo ,COzBn
A Ph Py (2.0 mol%) & OH
| = T Me” “CO.Bn toluene > Ph
o
(1 equiv) (1 equiv) 100°C, 1 h 85%
No
[Rh] Me)j\COan » The first carbene
[Rh(cod)(OH)], @L
l S H,0 [Rh]\o/ Ph Nz insertion to C-C bond
y A Me_ _CO,B
Ph e 2bn ]
[Rh-OH A | : [Eg] > N, is the only byproduct
OH
mPh C eh
OH .
N Ph S 'osn,  (Highlighted by Synfacts, 2014, 10, 0508)
| Me co,Bn >
s NPeR - Rh™ o
"'I/Ph[ ] D
\/
E 07 >Ph

Xia, Y.; Liu, Z.; Liu, Z.; Ge, R.; Ye, F.; Hossain, M.; Zhang, Y.; Wang, J. J. Am. Chem. Soc. 2014, 136, 3013.
For DFT calculation, see: Wang, Y.; Wang, Y.; Zhang, W.; Zhu, Y.; Wei, D.; Tang, M.; Org. Biomol. Chem. 10
2015, 13, 6587-6597.



Murakami’s Asymmetric Carbene C-C Bond Insertion

HO H : <O O
cat. Rh(I)/L1 pre) Rp-tol 0 PPh,
72% yield : PPh
Ph_ OH NNHTs trans:cis = 83:17 Et” Et E <O O ’
é + trans, 96% ee : 0O
D H™™ ~p-tol HO H +  L1:(R)-SEGPHOS
cat. Rh(yL2 ~ PhY} \"ptol PtBuy
( ) - : thP Fe iy
86% yield et” “Et : DN
trans:cis = 17:83 ) X
cis, 99% ee v L2: (R,S)-PPF-PtBu,
N, base NNHTs
Ph_ OH
Rh-OH H,0 Ph Rh ﬁ ptol H” p-tol
Et” Et \—v
HO H
O
p-tol
Ph e Rh‘Q‘,p-tm
Et” “Et H
RhO H
Ph. OH Ph - toI
Et” “Et p-tol
Et" Et

Yada, A.; Fujita, S.; Murakami, M. J. Am. Chem. Soc. 2014, 136, 7217.
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Merging with C-C Activation of VCP

.
[5+2] Cycloaddition of VCP

@)
\ [Rh(CO),Cl], (5 mol%) OTBS OTBS
[e]
., R-—R? CHCI5,40°C,2h - (\ y
OTBS then H30+ 1 2 2 - .
65-93% R R - key intermediate .

Wender, P. A.; Rieck, H.; Fuji, M. J. Am. Chem. Soc. 1998, 120, 10976-10977.

Our Design: [5+1] cycloaddition

OTBS
OTBS
)[\t cat. Rh(l)
or
| ¥ R7>CO,Me »
R CO,Me R CO,Me
Initial Result: :
OTBS
! OoTBS
/ : = COzMe
OTBS N> [Rh(CO),Cl], (5 mol%) H OTBS Ph TBSO Ph
+ o M > | Me CO,Me
| Ph COZMe DCE, 80 °C MeOQC Ph : Ph CO2Me
' [5+1] [2+1] [3+1]
59% yield

................................................



Merging with C-C Activation of VCP
BN

X
OTBS N
. .. 2 Rh(cod)Cl], (2.5 mol%) TBSO H
Optimized Condition o Rncod)CTl ( e |
e .
(By Sheng Feng) ’ dioxane, 90 °C Ph” >CO,Me
(1.0 equiv) (1.5 equiv) 4h 88%
slow addition (r.r.=15:1)
Selected Examples:

(By Sheng Feng) SRty ;

_____________________ ! X :
: X : : \TBSO H X = OMe, 84%
! TBSO H Do i Me | X =Me, 82% !
: Me | ! : ; CO,Me X =Cl, 79% ;
: CO,Me : E X =CF3 82%
X S S
L X =H, 88% L

: ! : . A

v X=F,51% : : N

I X=0Cl,84% L TBSO—A_H lavaval

! X =Br, 68% L Mé | ° |

+ X =CF3, 98% ] : CO,Me CO,Me
! X=CO,Me, 58% ! : i -

' X= Me, 79% : ;

. P Cl

68% 84%

Feng, S.; Xia, Y.; Mo, F.; Zhang, Y.; Wang, J. Unpublished result. .



C-C Activation of Simple tert-Alcohol

B
cleavage
R3 4
¢ OH N, L CO,R

2 0 2
il N R? I ) 2.0 mol% [Rh(cod)(OH)]z> il A OH Regioselective &
= R COzR 0.1 M toluene. 100 °C. 1 h P2 "R2 Diastereoselective

C-C Bond Carbene Insertion 24 examples, 40-90%
Xia, Y; Liu, Z.; Liu, Z.; Ge, R.; Ye, F.; Hossain, M.; Zhang, Y.; Wang, J. J. Am. Chem. Soc. 2014, 136, 3013.

OH R’

N>
cat. Rh(l)
+
R% R1J\COZR2 > R)\002R2

simple tert-alcohol

HO
OH Ph
/V N2 t. Rh(1) /\

cat.
7 + M =~ COMe Ph
oh Z Ph”” ~CO,Me > o CO,Me
Ph
simple tert-alcohol no product major product
Me OH Me Ph
N>
cat. Rh(l) CO,Me
Ph CO,Me >

simple tert-alcohol no product



Three-Component Reaction with Propargyl Alcohols and Alkyl Halides

[Rh(cod)OH], (2 mol%) CO,R’

Ar
)@ ¥ Ar\ﬂ/COZR v Aly=X e Alkyl
_ _ NaOMe (1.5 equiv) = y
z N, X=1Br,Cl " t5luene, 90 °C, 1 h Sj Z

Si
R 46 /
(1.0 equiv) (1.2-1.3 equiv)  (1.3-2.0 equiv) Si = Si(iPr)3 35_963)22”;7;(53
OH MeOH O-RhL o Al Eet
ryl, ster
/\I\\/k'é/I © /k\ % ) ,""c/
Si
s
/ \
RhL Alkynyl Alkyl
Rh(OMe)L —
E :
[Rh(cod)OH] Ar_CO2R
Ph CO,Me ligand .

L = BINAP N2 » Two C-C Bonds Formation
// Alkyl

Si N N, > Four Different Carbon

)
NaOMe, Alkyl-X RhL N .
Ar, VO \&RSL Substituents on Quaternary
I
Si

Xia, Y.; Feng, S.; Liu, Z.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2015, 54, 7891-7894. (Hot Paper) T



The Effect of Propargyl Alcohols
B

[Rh(cod)OH], (2 mol%)
BINAP (5 mol%)

NaOMe (1.5 equiv)
toluene, 90 °C, 1 h

N
R="| &+ o Ncome +  Pn e
donor
(1.0 equiv) (1.2 equiv) (1.3 equiv)
H OH OH OH
Z
72
TIPS TIPS TIPS
1a 1b 1c 1d
25% 79% 82% 41%
OH OH OH OH
M
/F\’I?h Z Z /m”e
Ph Ph C4Hg C4Hg
19 1h 1i 1j

0% 0% 0%

0%

TIPS

R

80%

OH
/gﬁwe
1e

Ph CO,Me

Z

Ph

OH
t
/tﬁ’u
TIPS
1f

55%



Selected Examples

[Rh(cod)OH], (2 mol%) CO,R’

Ar
)ﬁi ¥ Ar\ﬂ/COZR v Aly=X e Alkyl
_ _ NaOMe (1.5 equiv) = y
74 Ny X=1,Br,Cl toluene, 90 °C, 1 h s

Si
e 46 examples
i = Si(iPr); 35-93% yields

Si
(1.0 equiv) (1.2-1.3 equiv)  (1.3-2.0 equiv)

X=1
CO,Me CO,Me CO,Me Ph_ CO,Me I Ph_ CO,Me Ph_ CO,Me
Et P
nBu \\ \\ n r& 8 \\ \\ \\
Si Si Si Si S Si
80% 76% 73% 76% 54% 84%

)\ Ph_ CO,Me Ph_ 02Me o
nBu
\ A Si N\ Y si MeO” “OMe S

Si
92%,1.77 g 93% 88% 66% 86% 53%
(5 mmol scale)

17



Attempts to Asymmetric Synthesis

Asymmetric Catalysis

Ph CO,Me
OH )l\t [Rh(cod)OH, (2 mol%) 2
R)-BINAP (5 mol%) —
+  Ph + - ( > =
/*I\\/Ig/le COMe = Ph™ Br . OMe (1.5equiv) — TIPS Ph
TIPS toluene, 90 °C, 1 h

79% yield, < 5% ee

Asymmetric Induction

TIPS

OH N, [Rh(cod)OH], (2 mol%) \\>§P
: (R)-BINAP (5 mol%)
M O AN
/De e Ph)Kﬂ/ * Ph™ Br NaOMe (1.5 equiv)
0

toluene, 110°C, 1 h

<

TIPS

Dot

77% yield, dr = 1.2:1

Ph TIPS
H

O N, [Rh(cod)OH]; (2 mol%)
: (R)-BINAP (5 mol%)
Me + O N
/\I\\/Ie Ph)l\n/ * Ph™ UBr  NaOMe (1.5 equiv)
0

toluene, 110°C, 1 h

<

TIPS

e

73% vyield, dr = 2.6:1

18



Reaction with Propargyl Alcohols and Internal Alkyl Halides

Design:

[Rh(cod)OH], (2 mol%)
)@ O~g, __NaOfBu, TBAI O
toluene, 90 °C

(1.0 equiv) (1.0 eqUIV) Si = Si(iPr), 86%
RhL Si 0
A O
O-Attack r _)( Br C-Attack \\ o)
<« /S N\ /P e
// O—/_ »
. Me
Si Si
! Me

O-Attack VS C-Attack

Si Si ar Si cl Si s/

84% 68% 76% 84% (E/Z = 1:47) 77%

Liu, Z.; Xia, Y.*; Feng, S.; Zhang, Y.; Wang, J.* To be submitted.



Hiyama-Type Coupling with Aryl Silicon Regents
B
A g {Rh>-C

Rh C
' Rh(l )J\ —
Cw:-C —()> C-Rh ——» )I\ —P)Q —— 3 Product
C-C cleavage
TRh(I)
transmetalation?
Cc-M

20



Hiyama-Type Coupling with Aryl Silicon Regents

I
R [Rh(cod)OH], (2 mol%) R
PCysHBF, (10 mol%
(Het)Ar—Si(OMe); + N2=< ys'HBF, ( °)> (Het)Ar '
CO,R' TBAF (1 equiv) COzR

(1.5-2.0 equiv) (1.0 equiv) 64 examples

C(sp3)-C(sp? bond formation up to 90% yield

Ph Ph
Ph . j\h
CO,Me CO,Bn CO,Et . .
/d\ /©)\ 0 S coe PO o
Cl Cl Br
Me

87%,1.28 g 67% 55% 55% 72%
(5 mmol scale)

S

/i S
j\h Ph Ph Z / p
Xy~ “CO,Et CO,Et
PR P(0)(OMe); O)\ 2 @)\ i | ] SO oy o
50% N N/ S
70% 77% 520, 65%
(o]

Xia, Y.; Liu, Z.; Feng, S.; Ye, F.; Zhang, Y.; Wang, J. Org. Lett. 2015, 17, 956. 21



Hiyama-Type Coupling with Aryl Silicon Regents

I
R [Rh(cod)OH], (2 mol%) R
PCysHBF, (10 mol%
(Het)Ar—Si(OMe); + N2=< ysHBF4 ( °)> (Het)Ar—( '
CO,R' TBAF (1 equiv) COzR

(1.5-2.0 equiv) (1.0 equiv) 64 examples

C(sp3)-C(sp? bond formation up to 90% yield

Br strong base

Pd-catalyzed «-arylation
(@) cat. Pd/L x:

\_ _J

Xia, Y.; Liu, Z.; Feng, S.; Ye, F.; Zhang, Y.; Wang, J. Org. Lett. 2015, 17, 956.



Hiyama-Type Coupling with Aryl Silicon Regents
BN

R [Rh(cod)OH], (2 mol%) R
PCysHBF, (10 mol%
(Het)Ar—Si(OMe); + N2=< ys"HBF4 ( °)> (Het)Ar—( '
CO,R' TBAF (1 equiv) COzR

(1.5-2.0 equiv) (1.0 equiv) 64 examples

C(sp3)-C(sp? bond formation up to 90% yield

(a) Diazo Competetion: electron-rich diazoester expressed a higher reaction rate

Ph
N, N, Standard

Conditions CO,Me
CO,Me /©)‘\C02Me 15 min
+ —>» X
R Ph—Si(OMe);
R =Me, X:H = 1.31:1
R =Br, X:H =0.73:1

(b) Arylsiloxane Competetion: electron-deficient arylsiloxane expressed a higher reaction rate

X
©_SI(OM6)3 N gtar;q?rd
ondaition
+ M - onditony,,
Ph™ "CO,tBu 15 min Ph” >CO,Bu

R—@—Si(OMe)g, R = Me, X:H = 0.54:1

R=Cl, X:H=2.11:1
23



Hiyama-Type Coupling with Aryl Silicon Regents

(He)Ar—Si(OMe); + N,=<X

(1.5-2.0 equiv)

R [Rh(cod)OH], (2 mol%) R
PCyS'HBF4 (10 mol%) - (Het)Ar—<
CO,R' TBAF (1 equiv) COR'
(1.0 equiv) 64 examples

C(sp3)-C(sp? bond formation up to 90% yield

CO,R?

Ar’

H,O

Ar?

[Rh(cod)OH],

protonation

RhL,,
Ar! o)

7

Ar OR?
E

migratory
insertion

Ar'
~RhL,,

Ar? J‘\)

CO,R?
D

Ny

ligand

+ Ar'—Si(OMe);
Rh(OH)L, S
A
transmetalation
L= PCy3 Ar1—Rth
B Favored for
N, Electron-deficient Ar?
-Fi 2
diazoester A2 )J\CO iy Electron-rich Ar
coordination 2
Ar'
©RhL, 1
carbene ﬂ\
formation Ar2N\'002R2
C

24



Stille-Type Coupling with Aryl Tin Regents

B
[Rh(cod)OH], (2 mol%) R
. R XPhos (10 mol%)
Finished by Ar—SnMe;  + N2=( , » Ar_<
Zhen Liu CO,R’ KF (1 equiv) CO,R'
THF/H,O (1:1), 70°C, 1 h
(1.2 equiv) (1.0 equiv) 25 examples

up to 99% yield

Ph oh Cl Ph Ph
CO,Et Cl
/O)\COZBn OYO)\ 5 ﬁCOzMe D)\COQMG
B Cl Cl
' Me

84% 69% 99% 96%
(67% for Hiyama) (55% for Hiyama) (87% for Hiyama) (66% for Hiyama)
Ph Ph Ph Ph

Ph)\COQMe MeOzc)\COQtBu iPrO,C~ ~CO,iPr Me)\COZBn

96% 80% 83% 31%
(78% for Hiyama) (59% for Hiyama) (72% for Hiyama) (63% for Hiyama)

Liu, Z.; Xia, Y.*; Feng, S.; Wang, S.; Qiu, D.; Zhang, Y.; Wang, J.* Aust. J. Chem. 2015, 68, 1379-1384..



Other TM-Catalyzed Carbene Coupling Reaction-Pd

B
cat. Pd/L @
Ar! HCO,NH, (1.2 equiv)
NNHTs + Ar’-Br o000 20 _)> @
Reductive Coupling  Ar? 52003 (2.0 equiv 32 examples
1.5 equiv 1.0 equiv CH3CO2NH, (1.5 equiv) -95% vi
C(sp?)-C(sp?) Bond (1.5 equiv) (1.0 equiv) 3CONH, @ 30-95% yields
- A 1
Formation equal to r>_M> Triarylmethanes
Ar?

The Effect of CH;CO,NH,

Pd(OAc), (5 mol%)
Ligand 15 mol% PPh,

Ar| HCO,NH, (1.2 equiv)  Ar! o
V=NNHTs  + fBu—@—Br > @tBu . tBuOH
Ar2 Cs,CO3 (2.0 equiv) Ar2
_ o
0.36 mmol 0.3 mmol tert-pentanol, 90 °C, 4 h 61% yield 30% yield

Ligand

Pd(OAc), (5 mol%)
Ligand 15 mol%

Arl HCO,NH, (1.2 equiv)  Ar
V=NNHTs  + fBu—@—Br > >_©_t5u . tBUOH
Ar2 Cs,CO3 (2.0 equiv) Ar2
_ (o]
0.36 mmol 0.3 mmol tert-pentanol, 90 °C, 4 h 91% yield < 5% yield

MeCO,NH, (1.5 equiv)

Xia, Y.; Hu, F; Liu, Z.; Qu, P.;; Ge, R.; Zhang, Y.; Wang, J. Org. Lett. 2013, 15, 1784.
(Highlighted by organic-chemistry.org) 26



Other TM-Catalyzed Carbene Coupling Reaction-Pd
B

cat. Pd/L @
HCO,NH, (1.2 equiv)

Ar1>=
. - NNHTs + Ar®-Br >
Reductive Coupling Cs,C0; (2.0 equiv) @ 32 examples
C(Sp3)-C(Sp2) Bond (1.5equiv) (1.0 equiv)  CH3CO,NH, (1.5 equiv) @ 30-95% yields
Formation Ar|
equal to >—M Triarylmethanes
Ar?
Ard AP—X
ro— 'S N
©
Ar1)P\Ar2 P‘XO)L MeCO,
suppress the
direct reduction
e 7 A e
Ar3 Ar1 )|( HCOz
hpd G Ar3—Pd(Il)L | ——— Ar®-H
Ar? B 1 c
\Ar‘>= W,
No
COo, + X© A2 D
o A b
HCO, Al Ar*—Pd(II)L T ase
r | Ar!
LXPd™ M 2 e ArTT AR >=NNHTS
. F ) E Ar?

Xia, Y.; Hu, F; Liu, Z.; Qu, P.;; Ge, R.; Zhang, Y.; Wang, J. Org. Lett. 2013, 15, 1784.
(Highlighted by organic-chemistry.org) 27



Other TM-Catalyzed Carbene Coupling Reaction-Ir

X [IrCp*Cl5], (2 mol%) DG DG DG
R hG AGNTY, (8 mol% X COS I
A" o e g AT @ mo%) g | o R or R
R'O,C”™ “CO5R AgOAGC (4 mol%) = CO5R a
(1.0 equiv) (1.2 equiv) DCE, 90 °C, 10 h CO,R? CO,Me CO.H
_ _ 1-R2=
DG = directing group  Slow addition R'=Me, R* = tBu R'=R? = tBu
36 example 20 example 14 example
DG 34-99% yields 66-95% yields 42-99% yields
Ir('III)
G
R'0,c7 ~CO,R?
M802C
R'0,C.__CO,R? oG
* 0,
N DG N, [IrCp*Cl5]5 (2 mol%) DG R X
R_: + )j\ AgNTf2 (8 mol%)» R f X | _
2" R'0,C” “CO,R? AgOAC (4 mol%) LA COR!T Lo
. o olVle
, (2.4 equiv) DCE, 90 °C, 10 h 5
(1.0 equiv) CO2R R' = Me, R? = tBu
Slow addition
4 example 7 example
78-92% yields 51-93% yields

Xia, Y.; Liu, Z.; Feng, S.; Zhang, Y.; Wang, J. J. Org. Chem. 2015, 80, 223.
28
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1. Carbene Cross-Coupling Reactions Involving Diazo Compounds

or N-Tosylhydrazones

From Pd, Cu Catalysis to Rh(l) Catalysis

r

R-X

R-M' —————® R-M-Ln ——3» R(MZLn —3 R —3> Products

R-H

N,

From M =Pd, Cu

To M = Rh(l) (C-C activation, transmetalation)

Carbene
Migratory
Insertion

MLn
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Content

2. Carbene Cross-Coupling Reactions

Involving Non-Diazo

Compounds
( i Carbene h
R-X Non-diazo Mi
gratory
precursors .
R-M" ( 3 Insertion
—» R-M-Ln ——» 4  —» R — Products
MLn
R-H
From Diazo compounds
To Non-diazo precursors
. J
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Conjugated Enynone Used as Carbene Precursor

B
Carbene Generation M, /=\ 5-exo-dig W M \\/@
. "/, —_— > e e
(Conjugated Enynone) \C //k % o o)
O @)
O
EtOO COOEt
R2 \ O | \ 4
M CaH1
Heterocouplmg
Dalton Trans. 2010, 39, 4270. with EDA Jzé‘(‘)@ f;;";ﬁgg
Org. Lett. 2013, 15, 2619
Carbene
o) Oxidation
O
Ph
Me A\ / Cyclopropanation \ //
| - c > Ph
Me” © X  X-HInsertion ;/":d’ Th’ u,
(X = 0, Si) n, Au, etc.
J. Am. Chem. Soc.
ACIE. 2012, 51, 8063. 1,2-Shift 2002, 124, 5260.
ACIE. 2013, 52, 5853. 9
Ylide Reaction Q
—
R1
R — R2 R

Eur. J. Org. Chem.
Org. Lett. 2003, 5, 15. 2013, 2284.



Design of Carbene Coupling Reaction Using Conjugated Enynone

R. _L R
| M M ML
5-exo- d/g =M R1J\R2 R “R?

Furyl Carbene Formation Carbene Migratory Insertion

Carbene Coupling Reaction
Using Conjugated Enynone

R-M — Carbene Migratory Insertion M

k\’I"//\_O R-SI)\* _:\' . R-M ) /B M ]/ \ AProducts
— ) -7 o R 0

Enynone
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Pd-Catalyzed Coupling Reaction of Enynones with Organo Halides

B
R1
R2 o R1 R2
Benzyl Bromides: | b A B PNl O molh) D 20 examples
R3 N r r ; . O A ~R8 .
AN iProNEt (3 equiv) 35-95% yields
tBu DMF (2.0 mL), 90 °C, 2 h AT
(1.2 equiv) (1.0 equiv) tBu
O Me Pd(OAc), (5 mol%) A
XPhos (15 mol%) r 14 exampl
1 3 ples
R | © + Ar—=X . —» R N ?  52-82% yields
Arvl Halides: iProNEt (3 equiv)
y " NV 0 RZ O / R!
X R2 MeCN (2.0 mL), 90 °C, 2 h
3 X=1,Br Me
R
(1.3 equiv) (1.0 equiv)
o R2 O R2
R PA(PPhy)s (5 mol) R T
R1 | O . J\/\ ( 3)4 ( mo 0) - ~ @] R4 6 examp|es
Allylic Halides: R B iPr,NEt (3 equiv) 35-55% yields
y NV -~/
A =3 DMF (2.0 mL), 90 °C, 2~24 h R RS
(1.2 equiv) (1.0 equiv)

Xia, Y.; Qu, S.; Xiao, Q.; Wang, Z.-X.; Qu, P.; Chen, L.; Liu, Z.; Tian, L.; Huang, Z.; Zhang, Y.; Wang, J.
J. Am. Chem. Soc. 2013, 135, 13502. (Contributed Equally) (Highlighted by ChemCatChem 2014, 6, 711)

33



Proposed Mechanism

B
IT:t
iProN---H-—Br
LPd
R'Br
iProNEt (step 5) (step 1)
catalyst recovery oxidative addition
LPd(H)(Br) LPd(R")(Br)
O
L = XPhos, PPhj (step 2)
products (step 4) R' = Ph, PhCH, alkyne activation- =z
B-H elimination R2 = Me, tBu cyclization I 0
~25 kcal/mol
R2
O O
4 %
Pd(L)Br |
O < 5 kcal/mol
> kealimo O DDd(L)Br
R2 R1 -\

(step 3) R2 R!
migratory insertion

Xia, Y.; Qu, S.; Xiao, Q.; Wang, Z.-X.*; Qu, P.; Chen, L.; Liu, Z.; Tian, L.; Huang, Z.; Zhang, Y.; Wang, J.*
J. Am. Chem. Soc. 2013, 135, 13502. (Contributed Equally) (Highlighted by ChemCatChem 2014, 6, 711) .,




Pd-Catalyzed Oxidative Coupling of Enynones with Organoboronic Acid

B
Ar—B(OH), Pd(PPhs), (2.5 mol%)
iProNH (3.0 equw)
BQ (1.2 equiv)
~Z" B(OH), PhMe, 80 ?C’ 1h 30 examples 15 examples
Oxidative 56-97% yields 73-97% yields
(1.0 equiv) (1.5 equiv) Cross-Coupling E/Z=12:1t0>20:1  E/Z = 12:1 to >20:1
o) Me
B
O Me r Pd(OAc), (5 mol%) Me” Y7 0
XPhos (15 mol% — 4 )
Me i o) + ( °)> (a) O
iProNEt (3 equiv) - -
AN MeCN, 90 °C, 2 h 4
CsH Me 7]
5M11 72% yield, E/Z = 1:1 5\ Pd-H
1.3:1 M H
---------------------------------------------------------------------------------- C,H
o Me 4Mg
O Me B(OH), Me Z 0
Pd(PPhg3)4 (2.5 mol%) — B-H elimination
Me o iProNH (3.0 equiv) \
| * —» = (b)
S BQ (1.2 equiv) C4Ho
S toluene, 80 °C, 1 h ..
CsHi1 Me Strange E/Z Selectivity
1:15 86% yield, E/Z = 17:1 Ve

Xia, Y.; Ge, R.; Chen, L.; Liu, Z.; Xiao, Q.; Zhang, Y.; Wang, J. J. Org. Chem. 2015, 80, 7856-7864. 35



Pd-Catalyzed Oxidative Coupling of Enynones with Terminal Alkynes

B
R3 Pd(OAC), (5 mol%) R!
0 b R— P(furyl)3(15mol%)> | o 29 examples
_ R _ iPryNH (3.0 equiv) // \/ R3 40-89% yield
= BQ (1.2 equiv) R ElZ > 20:1
R (1.0 equiv) (1.1 equiv)  dioxane, 90°C, 1 h R2
Oxidative Cross-Coupling
oxidant R—=
Pd(Il)L base =~
A
P(O)L R—=—pdmL ||| o
F B
N N
R2
base
R3
LPd(H)(X) PN R2
E 1 X
" (lpé?u)L
R1 R/ C
H
1
| R “\\\H / R3
~ Fu Pl i N R2
R P Z Fu 2

R D

Xia, Y.; Liu, Z.; Ge, R.; Xiao, Q.; Zhang, Y.; Wang, J. Chem. Commun. 2015, 51, 11233-11235. 36



Rh(l)-Catalyzed Coupling of Enynones with Organoboronic Acids

e
O R?
1
RO ° 4 A2-B(OH),
X,
Ar

[Rh(cod)(OH)], (2 mol%)

KOtBu (1 equiv)

Furyl-Contained
Triarylmethanes

MeOH (2.0 mL)
80°C, 1h

30 examples
34-75% yields

O
Me
Q Me M
e
MeO” \—= 0
O —
—
e
E e (3
|

75%

65%

71%

Xia, Y.; Chen, L.; Qu, P; Ji, G.; Xiao, Q.;

60%

56% 62%
Q Me Q Me

Me — Me —
O O

Sy —

7 °S
S

48% 40%

Zhang, Y.; Wang, J.To be submitted.
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Proposed Mechanism
B

0O R?

[Rh(cod)(OH)], (2 mol%) Furyl-Contained

R’ o) 9 KOtBu (1 equiv) Triarylmethanes

| Ar“—B(OH)
+ 2 MeOH (2.0 mL)
AN 80°C. 1h 30 examples
Ar! ’ 34-75% yields
[Rh(cod)OH]2
product Ar—B(OH),

[Rh]
KOtB
MeOH ! path a: cyclization & migratory insertion
VS
path b: 1,6-addition & cyclization
Me
- [Rh]-Ar
S
A / Ph
[Rh] r—[Rh] path a

Ph Ar

\\ bath b [Rh] [Rh]
)‘\f\ [Rh] )\{\Me _— Me)\f\

Ph
Ar Ar 38



Carbene Coupling Reaction Involving Conjugated Allenyl Ketones

B
Carbene Generation from AIIenyI Ketone

Carbene
Rz [M] R2 [M] \' R? [M] R?  Transformation
— —_—
—_— —_— >
,>— GI\;\R3 Iﬁ\ »Z_X\
@4) Migratory
Insertion?

[M] = Rh(l), Ag(l), Pd(ll), Au(l), Cu(l), etc.

For review, see: Gulevich, A. V.; Dudnik, A. S.; Chernyak, N.; Gevorgyan, V. Chem. Rev. 2013, 113, 3084.

Allenyl Ketone Involved Carbene Coupling Reaction

R R2 ArB(OH),  Pd(PPhy), (25mol%)  Ar. R2 R? 9) R
\Igr . . iPr,NEt (1.5 equiv) M o R'P\d'
3 >
& R R“\/\ BQ (1.2 equiv) R! o R3 =Y /) R3 R \ 3
B(OH)2  toluene (0.03 M) O o
70 °C, 30 min 41 examples, 57-93% yields
Ph
Ph Pd(OAc), (5 mol%) N\ /@\
P(furyl)s (15 mol%
y—Ph + Ph—= (furyl)s (15 mol%)_ I\ +  PhT g7 TPh
BQ (1.2 equiv) . ’ o
dioxane, 90 °C, 1 h 35% 17%

Xia, Y.; Xia, Y; Ge, R.; Liu, Z.; Xiao, Q.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2014, 53, 3917. 39



Summary of Carbene Coupling Reaction Using Non-Diazo Precursors

45 examples, 56-97% yield

J. Am. Chem. Soc. R2 B NP :
2013, 135, 13502. | (o) E/Z = 14:1 to >20:1
. J. Org. Chem.
. R \\ 2015, 80, 7856.
R2 R?
-
O
S
R3 R'
// R c Metal Carbene
R Migratory Insertion
29 examples, 40-89% yield R-M ) / \ M
ElIZ > 20:1 \»> R o 30 examples, 34-75% yields
Chem. Commun. To be submitted.
2015, 51, 11233.
R R2 ArB(OH),  Pd(PPhj), (2.5 mol%) R2 T R?
\:.=$F .\ o iPr,NEt (1.5 equw) l—s\ R- Pd
R3 \
RY —~ BQ (1.2 equiv) 3
0 “ZSB(OH),  toluene (0.03 M) 0"
70 °C, 30 min 41 examples, 57-93% y/elds

Xia, Y.; Xia, Y; Ge, R.; Liu, Z.; Xiao, Q.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2014, 53, 3917. 40



Content

3. Intramolecular Metal Carbene Dimerization and Beyond

Construction Of Polycyclic Aromatic Compounds (PACs)

Cross
? Coupllng
Br + (HO)2

Commercially available H
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Brief Introduction of Carbene Dimerization

Widely Exist in Carbene Involved Reactions (Controllability, Selectivity)

@)
Me

O| Me @)

Intramolecular N, N,  Rh,y(OAc), (1.0 mol%) +
|

> O\ Z
CH,Cl, O Me™ O

O 159 15%

O

Doyle, M. P.; Hu, W.; Phillips, I. M. Org. Lett. 2000, 2, 1777

EDG Rh,(OPiv), (1 mol%) EDG COR

COR
N, + N2=< > — 40-87%
H CH,Cly, -78 °C-rt MeO,C H E:Zupto>20:1

Intermolecular

MeOzC

Hansen, J. H.; Parr, B. T.; Pelphrey, P.; Jin, Q.; Autschbach, J.; Davies, H. M. L. Angew. Chem. Int. Ed. 2011, 50, 2544.
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Application of Polycyclic Aromatic Compounds (PACs)

r
O Chemical Feedstock
Q Q QOQ Material Science
Naphthalene Phenanthrene Wide Applicatiion in

Pharmaceutical Industry
| > <

Total Synthesis

And the Heteroatom-Containing

Chrysene Analogues _
\- v,

o o o

Polycyclic Aromatic Hydrocarbons; Harvey, R. G., Eds.; Wiley-VCH: New York, N. Y., 1997.

Alkali-metal-doped picene can show

OC@OQ superconductivity (T_ = 18 K), and this is the

first example of organic superconducting
picene material.

Mitsuhashi, R.; Suzuki, Y.; Yamanari, Y.; Mitamura, H.; Kambe, T.; Ikeda, N.; Okamoto, H.; Fujiwara, A.; Yamaji, M.;
Kawasaki, N.; Maniwa, Y.; Kubozono, Y. Nature 2010, 464, 76.
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Design for Construction Of PACs
B

Carbene
Dimerization

o — e "8

X =1, Br, Cl, OTf

Cross
Coupling

& e




Construction of PACs via Carbene Dimerization

B
CHO 1) TsNHNH,, (2.05 equiv)
— — toluene, 60 °C, 10 min - — A
\ /,
R1/ VAR \RZ 2) Rh,y(OAc), (1.5 mol%) R1X /) _\R2
OHC LiOtBu (3 equiv), 4A MS

toluene, 90 °C, 50 min

50 &%

90% 91%
(McMurry, 67%;
Wittig-RCM, 67 %)

chrysene [4]helicene
91% 80%

é \— O _/ —/ OOO

picene O‘
86%

92% O [5]helicene
Wl O
pentaphene
R =H, 85%; R =tBu, 82%

Xia, Y.; Liu, Z.; Xiao, Q.; Qu, P.; Ge, R.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2012, 51, 5714.
(Highlighted by ACS Noteworthy Chemistry)



Applications of Carbene Dimerization Methodology

Our Method:

e p
Carbene - -
2 steps, 40% . o —
OO O O Dlmerlzatlon>\ Y/, \
o == OO L
CHO OHC CHO

isolated yield 86%

No Column is needed!
_ Y,

Previous Method: o

* 14-28%
+ SM remained

Mg THF (2-3 equw) Low yield
6°/ Difficult to purify!

Okamoto, H. et al, Org. Lett. 2011, 13, 2758.
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Applications of Carbene Dimerization Methodology
B

A concise synthesis of furostifoline

0 1.0 mol% Pd,(dba)s

mB(OH)z . O_ 24 mol% [HP'BusIBF,
N \ /' 33eq KFe2H,0, THF

B
°¢ Br 100%
O
OHC
(1) TsNHNH, 0
N_/ © ol
__] (2) Rhy(OAc),, LiO'Bu N =
Eoc one-pot process Boc
key step 47%

oy (s
N

= (1) AICI4
(2) DMF, POCl4
N\_7/ 9 >
N = (3) DMAP, Boc,O
Boc 91% for 3 steps

H,O/MeOH __
reflux H
100% furostifoline

6 steps, overall yield 42.7%
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Unexpected Result

Ph [ Ph |
O NNHTs
TsNHNH,
— ()
OHC i TsHNN= i

Rh,(OAc)4 (1.5 mol%)
LiOtBu (3.0 equw)
4A MS, toluene

(0]
90°C,1h 81%

TsNHNH o . : )
.. 2 @] NaOMe
Optm_u_zed (1.03 equiv) (2.5 equiv)
Conditions: > O O >
toluene T (°C), t (min)

70°C, 30 min TsHNN

L H T =70°C; t = 30 min, 96%
T =25°C: t = 180 min, 62%
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Substrate Scope: Migratory Group Investigation

(1) 1.03 eq. TsNHNH,

(2) 2.5 eq. NaOMe
toluene, 70 °C, 30 min

agm.
HO , 96%

X =Me, 94%
X = OMe, 98%

=)
6 X=Cl, 76%
CH<) Xosbin

R =Me, 76%

R =Et, 84%

R ==, 87%

Xia, Y.; Qu, P.; Liu, Z.; Ge, R.; Xiao, Q.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2013, 52, 2543.
(Highlighted by Synfacts 2013, 9, 0492.)
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Substrate Scope: Substituted Phenanthrenes

(1) 1.03 eq. TsNHNH,

(2) 2.5 eq. NaOMe
toluene, 70 °C, 30 min

Iy 050

=)
\/ ®
Y = 2-OMe, 97% O O OMe
X = 7-CF3, 87% O 95% Y = 2,3-OCH,0-, 95%
X = 6-Cl, 80% ° Y =3-F, 87% Me
Y = 2-N02, 75% 93%

=0, 90% .
87% X =S, 98% 93%
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Substrate Scope: a-Naphthol

.
O
IR
| / R1
H R
O

OH
Ph
Y
R2
R1

R' = Ph, R? = Me, 87%
R' = Me, R%Z = Ph, 80%

= o)
__Ph n=1,93%

S¢ n=2,99%

n=3, 86%

)n n=4,85%

(1) 1.03 eq. TsNHNH, OH R4
70 °C, 30 min A
» R3
(2) 2.5 eq. LiO'Bu G R2
toluene, 70 °C, 30 min R
a—naphthol
OH OH
Ph
CIL Y ool
@) R2 R2
R! R1
R' = Ph, R? = Me, 76% R' = Ph, R?2 = Me, 78%
R' = Me, R2 = Ph, 74% R' = Me, R2 = Ph, 64%

OH OH
FsC

o o Ph o Ph b Ph o
o e A

77% 79% 89%
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Substrate Scope: f-Naphthol

e
0 .
N ’ (1) 1.03 eq. TsNHNH, on
R4_:/ R 70 °C, 30 min -y X
. (2) 2.5 eq. LiO'Bu % R?
R R2 toluene, 70 °C, 30 min R
O pB—naphthol

Ph Ph Ph R3 Ph

A OH N OH A OH (8. _OH OH
(L R O o e

=
R Ph F Me .
R’ Me Ph
R! = Ph, R2 = Me, 92% R* = 6-Me, 74% 96% R® = Ph, 89% R* = 6-Me, 72%
R' = Me, R2 = Ph, 75% R% = 7-OMe, 68% R® = Et, 74% R* =7-OMe, 81%
Ph \/ . Ph R3
OO OO i B—Ph \ \
)n ' O R2 )n
& )

n=1,85% R' = Me, R2 = Ph, 86% R3=Et,n=1, 53%
n=2,88% 82% 85% R! = Ph, R2 = Me, 72% R3=Ph,n=3, 68%

52



Application: Further Transformation

H Ph Me Ph
6 Varlous 6 6
transformatlon O O O
95% 98% 99%
: i BocHN O~ Bl
99% 97% 87% 99%

Xia, Y.; Qu, P.; Liu, Z.; Ge, R.; Xiao, Q.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2013, 52, 2543.

(Highlighted by Synfacts 2013, 9, 0492.)
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Application: Synthesis of DBC Derivatives

100%

Tf,0 (1.2 equiv)
Et;N (2.4 equiv)

TfO  Ph MG‘Q’B(OHE

cat. Pd/L

CH,Cl,, -78-0°C, 1 h

CuCl, (6.0 equiv)
AICl5 (6.0 equiv)

() -
O O Suzuki-Miyaura

Coupling
95%

OQQ dibenzochrysene (DBC)

CS,, RT, 48 h

Me
> sensors, nonlinear optical
O O and liquid-crystalline materials

85%
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Summary of Carbene Dimerization

Carbene
Dimerization

] o4

: @* o
B(OH), X

=1, Br, CI, OTf
Cross-Coupling
: i
@) @)
HO | R > +
C-C Insertion B(OH), X
Me
Me o HO Me
6 (i) TSNHNH,, (2.05 equiv) (i) TSNHNH,, (1.03 equiv ) 6
- >
O \ (i) cat. Rh(ll), LiOtBu (ii) NaOMe O
o
82% H 76%

Angew. Chem. Int. Ed. 2012, 51, 5714.
(Highlighted by ACS Noteworthy Chemistry)

Angew. Chem. Int. Ed. 2013, 52, 2543.

(Highlighted by Synfacts) -



Conclusion and Outlook
B

» Intermolecular Couplings of Metal Carbene—C-C Bond Formation

» Intramolecular Couplings of Metal Carbene—C=C Bond Formation

4 )

) L T

Carbene Precursors O )

l cat. M
C-C bond C=C bond

""" formation ; 6
Yo o e e e, (T3

R R’ Rh(l)-Catalysis Intramolecular
C-C Activation Carbene Dimerization

New New Asymmetric Mechanistic
Transition Metal Coupling Partners Carbene Coupling Study
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Rationalization of diastereoselectivity:

Me
OI(B)n
@B\Rh/ /

Ph
Tl
less favored

/
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Proposed Mechanism:

=z
H OTBS
| Me
MeO,C Ph
reductive
elimination
=z
H OTBS
| \—Rh

H

MeO,C Ph

p-H elimination

TBSO

COQI\/Ie

Rh!
oxidative
addition
TBSO N
Rh
carbene Ny
formation
Ph)J\ CO,Me
TBSO N
migratory
insertion Q
COZMe
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Me Me
NNHTs Me No

N O OO T e ®:

H H
Me Rh(ll)
2.05 eq. TsNHNH, O
o 0

0 Ts Ts

e ey D ()
H N=N Me N=
& opa e Ny Dal

w A\ O

l1.03 eq.TsNHNH,

Me
base 1,2-shift .
— B w0
O O Q Nucleophilic %)MGNZ
TsHNN

Addition
OQ



