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Carbene insertion

H o H ©
Me 74 1) EDA, SbCls R Me\<:i:/§
2) DME, H,0, heat
MeOC 2 ) ? Me0,C =
H H
reagent ring-expansion conditons
CH,N, (large excess)  Et;0-MeOH (4:1), 0°C,5h
EDA (1.7 equiv) Et,0O, BF; OEt,, (1.7 equiv), OOC, 1h
EDA (1.7 equiv) DCM, Et;0" BF (1.7 equiv), -30°C, 48h
EDA (2.1 equiv) DCM, SbCls (0.44 equiv). -78°C, 2h

A

H
Me :
MeOZC H B
H
ratio A/B Ca. 50% SM remained
50/50
68/32
67/33
98/2

Greene, A. E.; Luche, M. J,; Serra, A. A. J. Org. Chem. 1985, 50, 3957.



Carbene insertion

O\ Me I
“IOMe arge excess CH2N2>
THF, 0°C
R
yield
R =n-C4Hg 61
p-HOPh 76

: 89
-

0 84
-

Me
OMe

ratio A/B
59/41

71/29
92/8

100/0

Reeder, L. M.; Hegedus, L. S. J. Org. Chem. 1999, 64, 3306.
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Carbene insertion

MeO., OMe o
ﬂ OMe
/ -||O_ =
~ OMe

MeO OMe O
o °N -Ny MeO.__OMe A <
¢ -acetone . >
%—N OMe MeO\‘rOMe
Meo - [NENN]
o =
.
Meo><0'\"e 0 ? MeQ /P
heat OMe
o N * benzene M90>E/§*R
%—N R OMe
. . R
1 equiv 1 equiv R=tBu ratio=1.5:1
R=Me ratio=7.5:1
MeO OM M
e e o. O o] _ome
0" N + heat o
1" — benzene O 4%
%‘N MeO OMe MeO
OMe
1 equiv 1 equiv

Venneri, P. C.; Warkentin, J. Can. J. Chem. 2000, 1194.



Carbene insertion

PhS
O HO
LICH(SPh), _
-78°C, THF

SPh

2 equiv. CHajLi

or sec-BuLi

-78°C to 0°C

CHiLi

sec-BulLi

sec-BulLi

CHalLi

Li LiO SPh
LiO I
N )SPh -LiSPh
Me
n n
0

PhS,

70%

Abraham, W. D.; Bhupathy, M.; Cohen, T. Tetrahedron Lett. 1987, 28, 2203.
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Carbocation Rearrangement

Me

MeO
2 equiv SOCl, _ <ji> 100%
pyridine
MeOH Me Me
1 equiv p-TsOH
benzene
MeOH
0
1 equiv p-TsOH 100%
benzene

ﬂbg NaOH (aq) _ ﬂb 78%
hv '

NNHTs OH

Y

Mandelt, K.; Fitjer, L. Synthesis, 1998, 1523
Kirmse, W.; Landscheidt, H.; Siegfried, R. Eur. J. Org. Chem. 1998, 213.



Carbocation Rearrangement

1.2 equiv MsCI
pyridine -

OAc

Paquette, L. A.; Kinney, M. J.; Dullweber, U. J. Org. Chem. 1997, 62, 1713.
Paquette, L. A.; Owen, D. R.; Bibart, R. T.; Seekamp, C. K.; Kahane, A. L.; Lanter, . C.; Corral, M. A.

J. Org. Chem. 2001, 66, 2828.
Jamart-Gregoire, B.; Brosse, N.; lanelli, S.; Nardelli, M.; Caubere, P. J. Org. Chem. 1993, 58, 4572.



1:1 weight ratio AgBFy _ N gou
NH DCM, r.t., 4h NH °
o) o)
oH OTMS
OH o 2 equiv EtSH SEtSEt 0.73 : D[
1 equivSnCl, /@ig .73 equiv OTMS .
DCM, 0°C 0.73 equiv Hg(OCOCF3),
DCM, -40°C

54%

O \
Me " oK
Me i o .,
p-TsOH, E,0, 0°C _ O
_ - 61%
’Me M Me

Me e

Jahangir; Fisher, L. E.; Clark, R. D.; Muchowski, J. M. J. Org. Chem. 1989, 54, 2992.
Wendt, J. A.; Gauvreau, P. J.; Bach, R. D. J. Am. Chem. Soc. 1994, 116, 9921.

Abad, A.; Agullo, C.; Arno, M.; Marin, M. L.; Zaragoza, R. J. J. Chem. Soc., Perkin
Trans. 1 1994, 2987.
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0
MeO
MeO 0 xylene reflux P R
: ~
— MeO
0O 0 =R ,
MeO OR'
\\  PhgSnH/AIBN 5
P e P 1\, A j
Me M€ :

: 0
! MeO R MeO R
o} o | meo : '
! | MeO \
):t\/\ — = : 'ODR'> Ok
Me  SnPhs : SnPhy | | - .
Me '

Ph Ve 0
Me 80% 66%
) Ve O O
e OEt
MeO OSiMes _
MeO SiMe; MeO H
o o)

Kim, S.; Lee, S. Tetrahedron Lett. 1991, 32, 6575.
Foland, L. D.; Karlsson, J. O.; Perri, S. T.; Schwabe, R.; Xu, S. L.; Patil, S.;
Moore, H. W. J. Am. Chem. Soc. 1989, 111, 975.
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Acid or Lewis Acid

OH /
&/\/\(OMG 1 equiv MesSIOTf _ L0 86%
pyridine

OMe OMe
MeS Me (@)
0. Me Me Me Me
Me,C(SeMe)Li = HO 5.5 equiv TIOEt
. other CHCl,, 20°C Me
SiMe; SiMe; Me;Si Me

)
52% 70%

Trost, B. M.; Chen, D. W. C. J. Am. Chem. Soc. 1996, 118, 12541.
Krief, A.; Laboureur, J. L. J. Chem. Soc., Chem. Commun. 1986, 702.



Acid or Lewis Acid

= Me Me o
1.1 equiv EtAICI, 93%
J DCM,rt, 70h
Me Bu e Bu
O\ 18U By
1.1 equiv EtAICI, _ i 93%
{ DCM, r.t., 70h
H

b EtAIC, 5A 6A cis-2
" gz faha ACLE
! R EtCL,AIO R! 1 0
P RA 8
— —_—
R* R® R* A2 R* A2
5B 6B trans-2

Fujiwara, T.; Tomaru, J.; Suda, A.; Takeda, T. Tetrahedron Lett. 1992, 33, 2583.
Takeda, T.; Fujiwara, T. Synlett 1996, 481.



Acid or Lewis Acid

Me H@
M ‘ . AYORN R® R

R
AN BF, OEt,, b 07 a3
| I S 15:1, 88% 6 N 7 ° @ 9
/ O Ly Me H‘ . R
Me Me Path'b @ .
5 &
Me O Me 0
bu tBu
SnCl
o4 o
PhS DCM 79%
OH o)

Nath, A.; Ghosh, A.; Venkateswaran, R. V. J. Org. Chem. 1992, 57, 1467.
Fitjer, L.; Schlotmann, W.; Noltemeyer, M. Tetrahedron Lett. 1995, 36, 4985.



Acid or Lewis Acid

10mol%a le 51-98 %
CCly, R.T. or 0°C O 74-98 % ee

chiral
’, phosphoric
™SOH acid (Cat.) O /~0m
3 Ir— ).
n /)
(o]
1 3
R
LY, |
O R = 2,4,6-iPr3CgH;
! i 0" “ox  X=HorAg
R

Zhang Q. W.; Fan C. A.; Zhang H. J.; Tu Y. Q.; Zhao Y. M.; Gu P.; Chen Z. M. Angew.
Chem. 2009, 121, 8724; Angew. Chem. Int. Ed. 2009, 48, 8572.



Acid or Lewis Acid

20mol% b
40 mol%
Ph\T/COZH

NHBoc

ZhangE.; Fan C. A.; Tu Y. Q.; Zhang F. M.; Song Y. L.; J. Am. Chem. Soc. 2009, 131, 14626.
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Carboanion

~ O /H
i 1) 1.2 equiv LDA o O 5 equiv EtMgBr
S ~ oS : =
Ph”~ CHClI, . Ph
2)1.1 equiv p cl’ cl
o]
o o
C'ﬁ)<> 0
cl Cl
_ 0]
O—L[
O //O
2-CIPhS(O)CH,Li S Cl KH
1 OMe
) |_i—< 4 OMe
0 SO,Ph
anf ] o
2) 6 equiv (iBu),AICI
H
o] I
6 equiv (iBu),AICI @)
OH > L;O:O 79%
0 SOh o/=

Trost, B. M.; Mikhail, G. K. J. Am. Chem. Soc. 1987, 109, 4124.
Satoh, T.; Mizu, Y.; Kawashima, T.; Yamakawa, K. Tetrahedron 1995, 51, 703.
Gadwood, R. C.; Mallick, I. M.; DeWinter, A. J. J. Org. Chem. 1987, 52, 774.
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Transition Metal

O 1 equivCHyly 12SmO Q Q
ﬂ 2.1equivSml, CHal R4
Rs THF R R R
R2 R1 R1 3 2

Ra R, Ri Rs

R1 R2 R3 Time(h) iodohydrin cyclopentanone
H Ph H 0.5 44 16
H Ph H 15 trace 61
H nBu H 0.5 34 41
H nBu H 15 trace 88

-(CH5)4- H 15 trace 40 (1:1)

-(CHy)s- H 15 trace 82 (97:3)

Fukuzawa, S.-i.; Tsuchimoto, T. Tetrahedron Lett . 1995, 36, 5937.



Transition Metal

@]
1
RE PH_R? R HgOCOCF;
| 10 mol % Hg(OCOCF3), — ,
- 1 R
Me R
R'  OMe R3 Meo Me
Cl
10 equiv R4
10 mol % PdCI, _
THE - 70-92 %
1.11 equiv Pd(CH3CN),Cl,
THF, reflux, 2h
tBuMe,SiO - or .
Me =3 87.5 mol% Pd(OAc), tBuMe,SiO
N\ - 87.5 mol% AsPh;
Et3SIO DCM, r.t., 3h only 0.007mmol

Liebeskind, L. S.; Bombrun, A. J. Org. Chem. 1994, 59, 1149.
Nemoto, H.; Nagamochi, M.; Ishibashi, H.; Fukumoto, K. J. Org. Chem. 1994, 59, 74.



Transition Metal

OH
Vi
benzoquinone
PdX;L, 27 R
m (5 mol%)

RS 91/ 5mol% PdCI,(NCPh), éy HPAXL, A ot
2 equiv p-benzoquinone _ 29 R 28 R ‘J 2
R2 THF, refluxed, 48-245 h 16-67 % k o ,rpcy R

R’ o

R
\ OMe
10 mol% [PdCI,(CH3CN),]
1.1 equiv DDQ . 70%
THF, reflux
9) @]
20 mol% Pd(OAc), M
: : e
2 equiv Ag,CO5 . Me H direct H 866 %
toluene, DMSO [Pd] XN arylation N
o il R-+
100°C R— P L

Clark G. R.; Thiensathit S. Tetrahedron Lett. 1985, 26, 2503.
Sethofer S. G.; Staben S. T.; Hung O.Y.; Toste F. D. Org. Lett. 2008, 10, 4315.
Schweinitz A.; Chtchemelinine A.; Orellana A. Org. Lett. 2011, 13, 232.



Transition Metal

0 o o
HO 10 mol./o Pd(PPh3),4 R' H /
5 euiqv K,CO43 — ""( 15-60 %
5 equiv R'l or ROTf Me / R'

{ “(CH,)eMe DMF, 80°C, 6-12h (CHpeMe ' (CHp)eMe

HO H 10 mol% Pd(PPhs),
| 2 equiv Ag,CO4

_ 4A MS, toluene

Me 80°C to reflux, 12-16h

L i 24-80 %

Nemoto H.; Yoshida M.; Fukumoto K. J. Org. Chem. 1997, 62, 6450.



Transition Metal

OH
R 25 mol% [Pd,(dba)s] CHCI 7
| ' 2 ° R 52-90 %
£ mol% e - T~ 69-93%ee
50 mol% tetramethylguanidine =
CF3CH20\H/O
© oH 2.5 mol% [Pd,(dba)s] CHCl, ?

7.5mol% eorf - ’ OR 80-100 %

R2 10 mol% PhCO,H/NEt;, R ©,=  84-95% ee
2
R? OR! R

Ph,R NH HN PPh,
thP; i—NH HN PPhy
f

Trost B. M.; Yasukata T. J. Am. Chem. Soc. 2001, 123, 7162.
Trost B. M.; Xie J. J. Am. Chem. Soc. 2006, 128, 6044.
Trost B. M.; Xie J. J. Am. Chem. Soc. 2008, 130, 6231,




Transition Metal

2 equiv R3l or ROTf
10 mol% Pd(OAc),

o g O-HC_C o 20 mol% PPhs P
-~ 2 equiv nBuyNCI __
oh Pd[DAc}g AP - 35-70 %
R2 2 equiv iProNEt R3
R Pd{n} DMF, 80°C, 12 h b2
: \
Pd
Og PhPdl
R Ph OH
C=CR
Hl
Pd—'i_“
R” “Ph

Larock R. C.; Reddy C. K. Org. Lett. 2000, 2, 3325.
Larock R. C.; Reddy C. K. J. Org. Chem. 2002, 67, 2027.



Transition Metal

3.5 mol% [Rh(CHy=CH,),Cll, _ \ 81-96 %
B/O 7 mol% c, 0.5 equiv K3POy4 79-95 % ee
. _ 5
67% dioxane-H,0 (20:1), 100°C 3
1
O PPh,

0O PPh,
g
O

(S)-SegPhos

Transmetallation Protonolysis

Addition _ _p-Carbon_ _
elimination
Rh] ©

O[Rh] O

e e e e

- - - - - - - = - - - - = =
20
P

Matsuda T.; Shigeno M.; Makino M.; Murakami M. Org. Lett. 2006, 8, 3379.



Transition Metal

Murakami
1
R e
5 mol% [Rh(OH)(COD)], 4
o3 11 mol% (R)-DifluorPhos __ 70.08% F o PPh,
1.5 equiv Cs,COg3 up to 93:7 dr E O PPh,
R2 OH dioxane, 80°C, 4 h 86-99% ee >( O
H F o
addition
& proronofysis
cleavage Et., 1,4-Rh Et
Ph 2 Bu _ofa L“-Rn Bu sh;ft (R)
Rh L*
Et ORhK- L*
o g, 5 Mol% [Rh(OH)(COD)l,
>O< 11 mol% (R)-DifluorPhos 95%
Me OH 1.5 equiv Cs,CO3 86% ee
dioxane, 50°C, 4 h
Cramer
R2 = Me Ar = 4-CF3CgH,4, R =tBu
Ar OH 2.5 mol% [Rh(OH)(COD)]» 75-99 %
\/ : ( 6 mol% L . 90-96 % ee ArP , HpR
R2 R1 toluene, 110°C, 5-12 h R%=other  (R)-DifluorPhos 2" Fa 2
up to 20:1 dr &
96-99 % ee

Seiser T.; Roth O. A.; Cramer N. Angew. Chem. Int. Ed., 2009, 48, 6320.
Shigeno M.; Yamamoto T.; Murakami M. Chem.—Eur. J., 2009, 15, 12929.



Transition Metal

R R! OH
o si 2.5 mol% [Rh(OH)(COD)], HOLR
‘s 5 mol% [Rh(OH)(COD)l, R ___6.0 mol% DifluorPhos
Cs,CO3, toluene, 130°C mesitylene, 100°C /
R' R' “—Si
28-80 % 22-93 %
" oH 85-99 % ee
R,Si - Si = SiMes, SiMe,Bu, SiMe,iPr F><O O MeO
] F o PPh, Bn i
0 PPh, / 7 o)
F R
| F><o O ME gy
[Rh] ) . R"
RS O csi reductive  RaSI=\ R
« activation elimination 0
R’ RE=—~ -
H [Rh]
2 5
 1,4-Rn shift addition l —[RN]
N Ref.[5k,I]
R" oH R" oH
Rysi Me R R
3 6 SiRj

Seiser, T.; Cramer, N. Angew. Chem. Int. Ed. 2010, 49, 10163.



Transition Metal

2 mol% [Rh(OH)(COD)]Z:

JHIR +
R R3JJ\C02R4 toluene, 100°C, 1h
OH
Rl OH 5 mol% [Rh(OH)(COD)], RUL
N )'\JI\Z 11 mol% L, 2.5 equiv NaOtBu ,
0 R? toluene, 50°C, 24-48h Et Et R
Et Et Et
[Rh] . . .
e 2a high dr, high ee, ligand control
' diastereoselectivit
[Rh(cod)(OH)]2 / wPh Ny Y
p-carbon A rhodium
[Rh] elimination carbene Me\rcoan
1a HO Wl>q formation Flih o
_\_Ph [Rh]
— s,
O
B o Ph PPh,
, C o PPh,
3a carbene (
protonation migratory o
insertion
1a M
e -
OBn Ph pglﬁPtBuz
Me_co,Bn X > Fe Me
Rh™ \n @ H

O. .
. Rh intramolecular
‘Ph [(Rh]

0O~ "Ph
Xia, Y.; Liu, Z.; Liu, Z; Ge, R.; Ye, F.; Hossain, M.; Zhang, Y.; Wang, J. J. Am.

Chem. Soc. 2014, 136, 3013.
Yada, A.; Fujita, S.; Murakami, M. J. Am. Chem. Soc. Just accepted



Transition Metal

O
=
HO H\ 1.5 equiv /\Ri

. _ 63-90 %
- 10 mol% [CpRu(MeCN)s]PFg
R‘lR DMF, 60°C, 0.5-2 h

O R1 OH

R2

. 0
@ 2
Ru(MeCN_l Fe . ’ ﬁR

(10 mol%) 50 | 51
5-90 % R?=H, Me
dr.<2:1
RU—H O%?H
u' 52

R 53 \_’/

Yoshida M.; Sugimoto K.; lhara M. Tetrahedron Lett. 2001, 42, 3877.



Transition Metal

1-2 mol% [{(p-CF3CgH,)3P}AUCI] o

R? OH 2 mol% AgSbFg
Rl — > . 66-82 %
R

R2 OH )
R1 == R
[Au]
[ taul
. R
p LAu HO
R mechanism a _i

Markham J. P.; Staben S. T.; Toste F. D. J. Am. Chem. Soc. 2005, 127, 9708.



s.l'l:hU)Nl—\

. Carbene precursor
. Relatively strained structure
. Good leaving group
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Cly™
1 42
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Ld

Kakiuchi, K.; Ue, M.; Tsukahara, H.; Shimizu, T.; Miyao, T.; Tobe, Y.; Odaira,
Y.; Yasuda, M.; Shima, K. J. Am. Chem. Soc. 1989, 111, 3707.



Answer Key

Ph OH
R Ar
54

AI’: S
M l Y
8 (Rh]
B-carbon \ _ Ar-[Rh]  Ph O[Rh]
cleavage : (
A
R ' B-carbon
55 cleavage
)
Ar OH 2.5 mol% [Rh(OH)(COD)]»
6 mol% d _ Rh
R // S Cs,CO3, xylene, 120°C [Rh] 0
> Me R
Ph” : Ar
R
56
1,4-Rh
addition shift

[Rh] Me O

: Ar
W
57

Seiser, T.; Cathomen, G.; Cramer, N. Synlett 2010, 1699.



(8] ] 0
HO
= 0 =
2 acid R
R (E)-2 R (2)-2

7 R
CpRuXL, 1
HX
Cp Ln
M
Ru/
o 0
- HMD CpFEuXL"
NI
g R 5 ¢
g R
& ’
_ 0 O  Rul,
=
HX
R
R (2)-4

Sugimoto K.; Yoshida M.; lhara M. Synlett 2006, 1923.



