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Recently, many metal catalyzed C-H activation reactions have been reported, but many reactions have not
become reaction using wide range (selectivity, functional group tolerance). The metal-carbenoid intermediates
are capable of undergoing a range of unconventional reactions, and due to their high energy, they are ideal for
initiating cascade sequences leading to the rapid generation of structural complexity. These species are using

for many type C-H activated reactions, C-C or C-heteroatom bond formations, and skeletal constructions.

In this seminar, | talk about many type metal-carbenoid reactions from various metal.
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1. Carbenoid
1-1. Carbene ' [\ )

Carbene is a molecule containing a neutral carbon with a 2 valences i R-N_N-R
and 2 unshared electrons. X !
Carbenes are classified as either singlets or triprets depending upon their ! NHC |
electronic structure. !
Most carbenes are very short lived, although persistent carbenes are ref.) Nojiri's Lit
known (example of stable carbene: N-Heterocyclic carbene; NHC). . (M1 Part) |
p
R R,
Singlet 0 (" Triplet 0 <
Rl
* unshared electron pair (c orbital) and empty p orbital » 2 electron was shared with p orbital and ¢ orbital
* resembles carbocation and carboanion united on same * resembles biradical
carbon, so have nucleophilicity and electrophilicity « Typical angle 6 (calculated) : 130~150°
(reactivity depends on substituted groups).
* many R and R' groups can stabilize singlet carbene
(more than triplet carbene).
* Typical angle 6 (calculated) : 100~110°
One of the typical carbene formation : diazo decomposition
J Diazo compounds readily decompose thermally or photochemically
o Aorh Metal . CO,R e ) )
N._CO5R orhvor Veta ( 2 driving force : formation of N, bond and generation of N, gas
Y -N, H Generated carbene is high reactivity.

H

In the case of using transition metal to generated carbene

C-H Insertion — Metal-Carbenoid species is generated

— | 1,2-migration of alkyl
Cyclopropanylation
and other reaction...

1-2. Metal-Carbenoid

Carbenoid is a vague term used for a molecule in which all carbons are tetravalent but still has properties resembling
those of a carbene, typically the carbene-like carbon has multiple bonds with a metal. Carbene is stabilized by
Metal.

Carbenoid has unique reactivity that carbene has not, keeping the reactivity of free carbene.

Carbenoid is structurally related to singlet carbenes and posses similarly reactivity.

R Carbenoids can be formed by reacting salts of transition metals.
>:|\/||_n e.g. Cu, Rh, Pd, etc... many metals can be formed.
These are formed by metal with carbenoid precursor, typically diazo compound.

Rl

Kind of Diazo Compound (Carbenoid Precursor)

Carbenoid can be controled carbene reactivity through substituent (acceptors and donors).

Not enough electrophilicity causes less reactivity, and too much electrophilicity causes side-reaction,

so control of electrophilicity is important.

Metal-carbenoid reaction requires appropriate level of electrophilic ability at the carbenoid carbon center.

Acce tor Acceptor/Acceptor Acceptor/Donor » Acceptor/Acceptor and Acceptor/Donor types stabilize
diazo compound (so more active catalyst needed for

decomposition).
)H( WL )H( * Donor substituent stabilized carbenoid through resonance.

» Almost metal-carbenoids have electrophilicity.

X =R, OR, NR, X, Y=R, OR, NR, X=R, OR, NR, | ° Carbgnoids formeq.fr.om Acceptor/Acceptor compounds
Y = vinyl, Aryl | has high electrophilicity.

\

too much electrophilicity causes side-reaction, so control of electrophilicity is important.

Electron Feature of This Type Metal-Carbenoid

----%/.R lone pair on carbon to M : strong C-M ¢ bond
~_, delectrons to p orbital on carbon : weak~moderate n bond, stabilize carbene a little
---- R but still maintain its enough electrophilicity

desired metal : bind to the carbene through strong c-acceptor interactions and weak (appropriate) back donation
interaction. 117



. SlM
Observation of Carbenoid ’ "
: Y me g
OCu-Carbenoid P. Hofmann et al., ACIE, 2001, 40, 1288. N O
TMS T™S oo || S
‘Bu. CO,Me ,Bu N = CO,Me o ! | 2
e R T 5 N
Tvs TMs l H
Cu-Carbenoid ; (|
In toliene-d8 or benzene-d6 at rt, 15-25% Cu-complex was detected. atroplsomW \I ! If '\
Caractarization from "H NMR (Figure 2), '3C NMR (229.9 ppm | ofS k/}\f\j VA ]
(C=N,), 177.9 ppm (C=0), MS (FAB; 531.2, [M"]). 0 ' 150 ' 120 1o
(At -33°C, this comoplex was maintained for several hours without stH)
significant evolution of nitrogen.) Figure 2. 'H NMR spectrum (C,Ds. 500.13 MHz, 28°C) of the rerr-butyl
region of carbene complex 5§ (*/y;=14Hz) and of ethylene complex 2
(T =14 Hz).

ORh,-Carbenoid J. P. Snyder et al., JACS, 2001, 123, 11318.

Bu
\ 0=\, Bu
t8u), *+ -<N | 0T =
Rhy,(OCO'Bu), : \ m’ o J—;Rh/\r—'l\\l/le = X-ray structure
rt tBu)'(T\__,(l) MeN~Y
Bu

1-3. Early Example of Metal-Carbenoid Reaction
Olnsertion P. Yate, JACS, 1952, 74, 5376.

:NuH
0 0 vl 0
RJVN2 R)J\../H Nu = RO, RS, R;N R)S/H
(complex with Cu) Nu
OCyclopropanyration Cl A. F. Noels et al., Tetrahedron, 1983, 39, 2169.
cl .
Metal - Metal,
- Cl Rh2(OAC)4 1 54% In this
— _ ] paper, other example,
C'>_\_< NHC-COR gg((glfc)f $42%  reactivity is [Rh] > [Cu] > [Pd]
COZR 2 -

ODimerization (Homometathesis)

W Ph Ph_ Ph
Io * Ph>: N2 tquAene Ph>_<Ph
A 86%

R. Noyori et al., TL, 1966, 1, 59.

general metal of metal-carbenoid reaction : Rh, Cu, Pd ; most useful metal is Rhodium.

Dirhodium carboxylate (Rh,L,) H. Reimlinger et al., TL, 1973, 24, 2233.

Ei e of Rhodi id tion gi q i Catalyst diazo/Catalyst R  Yield
irst example of Rhodium carbenoid generation from diazo decomposition. Rhy(OAC) 600 = 28
R-OH + NZ O COEt —2asl o™ co,et Rhy(OAc), 600 Pr 83
25°C Rhy(OAc), 600 'Bu 82

Reactivity using Rhy(OAc), (Rh(Il)) was higher than Rh(l), Rh(lll). Rh,(OAC), 600 H 80
Rh,(OAc), 600 Ac 93

RhCl3+3H,0 125 Et 64

RhCl3+3H,0 125 ‘Bu 58

RhCI(PPh3); 125 Et 49

217



2. Rhodium Carbenoid Induced Reaction
2-1. C-H Insertion
Trend in Selectivity

In simple case, Reactivity is determined with both electric effect and steric effect.
D.F. Taver et al., JACS, 1986, 108, 7686

COZEt Rhy(OAc), OAc)4 COzEt o COEt | | R'= Me, R2= Me, R3= Me (3° vs 2°) S
.R1— Me, R%= H, R%= 'Bu (2° vs 2°bulky) 34:1 .

ref.) Yamaguchi's Lit (M1 Part)

_____________________________________________

steric effect:

tertlally > secondary > primary (electric effect; electron density in the C-H bond)

G. Stork et al., TL, 1988, 29, 2283.
COCHN,

COzEt  cH,CI, (0.01 M)

Rhy(OAC)s

rt

)

MOi/\/cozEt

COCHN; Rhy(OAc)y

COMe  GH,Cl, (0.01 Mf”
rt

2]\/002Me

81% %
0 dimer : 33%
COCHN, Rhy(OAC), b\ﬂ COCHN o)
P Rhy(OAc), ,,
CO,Me CH,Cl, (0.01 M) COMe /7 21
CH,Cl, (0.01 M
" 64% - CoMe GG f CO,Me
0%
¢ electron-withdrawing groups inhibit adjacent C-H bond dimer : 31%
Mechanism
_M.P.Doyle et al., JACS, 1993, 115,958. D.F. Taber et al., JACS, 1996, 118, 547.
"a 4 A # : 3 HE HJE@ HEQ :
: ‘_ B H -‘ : : p— —_ ' _!
: \Z—H 3: f 1 IW’;&Rh e W«,’ Rp W\ ! R@ < :
:ni o A b7 N s Rug! iMei—é Me H Me H ;
S A ok A L !
: e"_ - ¢ rnl H IR Q/E C-Rh-Rh is 180° |
"""""""""""""""""""""""""" ! from calculation. I

They didn't perfom DFT calculation, but they expected from | ™ "A_Jalined ~ *me¢ "~

ligand (L) <_affect of C-H insertion. This mechanism was expected from experiments results
low EWG : general selectivity , _and ZINDO calculation was performed to ylide intermediate.
high EWG : selectivity is decreased (attack low steric barner?

|
These mechanisms were plausible and widely accepted, but additional analysis of mechanism was performed for further
development of the C-H activation chemistry.

OProposed mechanism from DFT calculation E. Nakamura et al., JACS, 2002, 124, 7181.

DFT using B3LYP on Rh(0;CR)s C-H acivation/C-C bond formation reaction.
' calclated for [Rhy(0,CH), - CH,N, -

H
/I\O 'H O)\O y and [Rhy(O,CH), - N,CHCO,Et - metane or propane]
_._ +
- -3 N

?»6"\ P (—\cl‘ o-Donation [

}l I_FH E’ ) RH

! a

metane or propane]

« carboxylate groups serves as anchors of the Rh? atom

* electron-withdrawing group (E) enhances the electrophilicity
of the carbene carbon center

« Rh' has positive charge which increases the electrophilicity

' Rh? Rh' Rh Carbenoid E of carbon center

. Formation N, ! , 5 1 )

! it .« electron donation from Rh“to Rh" assist the C-C bond

: W \S i + formation and catalyst regeneration.

! P H/C\ )C\ + « If chiral ligand was used, it also serves as the site to harness
Y . ) H + chirarity.

[ RA RRI—G, -H :

- 7 Activation / | I \U/

! + Activated energy is decreased, so C-H Insertion is enhanced.
: C'H 1

! I Insertion . compared to Cu-carbenoid and Ru-carbenoid, energy of C-H
! i insertion to carbenoid is lower (diazomethane-methane).

: H \ & (Dissociation | H

i )\ +C of ' NH

: ?,,m‘ H . |Rh-Catalyst ! 7 \ ¢l =0

- S T | N—Ru==y ¢ Cu=\ HCO,),Rh,=CH

| RA-- R(E"L/‘—':,,H C-C Bond i__phi ! — /%?H ~- 5 U*H (HCO4Rh 2
:/l‘J /| C\E Formation /Ih /‘ : —NH

! | H
[ttt 27.6 kcal/mol > 15.6 kcal/mol > 5.7 kcal/mol 3117



Stereo-/Chemo-Selective Reaction Review; H. M. L. Davies et al., Chem. Rev., 2003, 103, 2861.
] H. M. L. Davies, ACIE, 2006, 45, 6422.
Olntramolecular reaction H. M. L. Davies et al., Nature, 2008, 451, 417.
N H. M. L. Davies et al., Chem. Soc. Rev., 2009, 38, 3061.
M. P. Doyle et al., JACS, 1996, 118, 8837. : \
7 Me, 1.0 mol® Me Me '(M. P. Doyle et al., JOC, 2005, 70, 5291.
! ; mol% '
o o AhL . 'TABLE 3. Carbon—Hydrogen Insertion Reaction of
— >= '| Cyclohexyl Diazoacetate®
M. o |
LT 0 CHN2 @) [l H H
SR i ...---5 ! O_ _CHN, 1.0 mol%Rh,l, o 0
LA AN q! Y — o + (j’\):o
I I : 0 CHCl, 5
Rh,(OAc), 10 7 ! H I
' cis rans
Rhy(4S-MPPIM), 53 19 !
Rhy(5S-MEPY), 62 23 ' yield cis/ Y% ee | %ee
| atalyst (%) trans® | cis® | trans®
Rh2(4S_MEOX)4 87 trace : cata y‘w © rans clLs rans
__________________________________________________ 1| Rha(4S-MPPIM)y, 1 71 100/0 92 na
i o o ' 1| Rho(48,2'S,3'S-MCPIM)y, 11 78 99/1 97 nd
| N L\ ANl RhusYRIRMCPIMGI2 63 sop0 | 73| 13
: L MG 97N Ncoome 07 N7 Ncoome! ||[Rhy(4S,2'S-BSPIM)y, 15 88 97/3 =99 | =99 |
: 2N % il Ve e ! || Rhy(4S.2ZR-BSPIM),, 16 89 9872 74 33
! Rthh N/ 7 17 - . . . .
X i 1| 2 Reactions performed in refluxing CH2Clz using 1.0 mol %
L Bt‘z_(f‘_s_'\ﬂ?ﬂ'\ﬂ) _____ Rhy(8S-MEPY), Rhy(4S-MEOX)s + |l catalyst. ? Reported as isolated yields after column chromatogra-
: phy. € cis/trans ratios and enantiomeric excesses were determined
In this type reaction, it was thought that Rh-carbenoid reacts :(by gas chromatography. ,
with equatrial C-H, because access to axial C-H is prevented- _______________________________________ D,
by crowding of the cyclohexane ring. n o o o o I
\U’ ::©/\)\N 0 @’4& O-ch Oﬁ O-cH
------------------ e Y " ] e H 31
Proposed mechanism; sterically 0 0 oAN_)Y .0 o o 0 :
hindered " VR © AR fnRh !
H n Rh=Rh ~ | | 71 71 !
" o\( " A7 !
Me :I Rh2(4S MPPlM) (cis-2,2)-Rh,(4S,2'S.3'S-MCPIM), Rh,(48,2'S-BSPIM), \
Me 0L _.CH=ML, M AR, o R '

H A
H 0O M e
react with

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
! A
! Me of iPr ;. 0 .
1
! i
| s Me O |
1 H 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
|

additional chiral attachment, so ee was increased.
* 12, 16 : direction of additional chiral attachment is mismatched.

TR Ho (T S

| o251 ™ A ’

Me o] iMe o\ e =0 E PNe=o!
| H/ | §—FH . =  —RA—— :

! 4Rhy7” ! /| g Hooo

conformation should be locked as all the substituents are
placed at equatrial position

* Equilibrium depends on the ligand (catalyst)
(whether the substituent is at axial or equatrial).

* Small ligand leads to low diastereoselectivity.
(L=OAc, 40:60 ; JACS, 1994, 116, 4507.)

* Rh-carbenoid reacts with equatrial C-H, so in
appropriate ligand, reaction is cis selectivity.

insertion to |
equatrial C-H l

_____________________________________________

5,_,
O

» Model for aymmetric induction with Doyle's catalysts;

! R 1
! /O\\H ester Ho o (o] :
! \ approach o !
' 0" "N” 'CO,Me ‘ﬁ | E from front H .
' 1/ 1 / —_— H :
+ Rh—Rh —_— D @] 1
: 7 7 | _— :
| Rhy(5S-MEPY), —Rh o ——~Rh Ri
i Doyle's catalyst OJJ\¢N2 (4R) i
i R :

In the cases of other type ligands, they are expected by similarly catalysit model.

417



* lactam formation

S. Hashimoto et al., Synlett, 1994, 12, 1031.
H. M. L. Davies et al., Chem. Rev., 2003, 103, 2861.

Table 17. Intramolecular C—H Activation of o-Methoxycarbonyl-a-diazoacetamides

o 0 o
RZ Rh(ll) catalyst O g Fham :
N OMe OMe + i
l\ " CH,GI N—, R " :
9 2Ll RZ R? !
92 93 94 |
1
compd catalyst R! R? product? yield, % de, % ee, %
1
a Rhz(S-PTPA)4 COzEt ‘Bu 93 98 =98 56 !
b Rhz(S5-PTPA), CzHs ‘Bu 93 97 >898 60 |
c Rhz(S-PTPA)4 CgHs ‘Bu 93 =90 =08 74 '
d Rhz(5-PTPA)4 CeHs P-MeOCsH;4 94 <5? 1
e Rh3(S5-PTPA), CeHs P-NO,CgHy 94 82 =98 47 '
e Rhy(S-PTA), CsHs P-NO2CsH, 94 83 =98 47 1
e Rh:(S5-PTV)4 CeHs p-NO2CsH, 94 82 >98 26 .
[e Rha(S-PTTL), CeHs p-NO,CH, 04 80 =08 4]
e Rhz(S-TB5P), CsHs P-NO2CsHy 94 87 =48 6 !
f Rhz(5-PTTL)s CHs p-NOzCsHy 94 82 >898 33 '
o Rhy(S-PTTL), CyHs pNO;CgHy 94 84 =08 34 1
h Rha(S-PTTL)s CeHs P-NO2CsHy 94 80 =08 74 '
i Rhy(S-PTTL), p-MeOCgH,4 P-NO2CsHy 94 e >98 81 !
3 Rhz(S-PTTL), p-NO:CgHy p-NO2CsHy 94 81 =08 73 !
I

# Exclusive product. ® Major product arose from electrophilic addition to aryl ring of p-methoxyphenyl.

4

R=Bn Rhy(S-PTPA),

R=Me Rhy(S-
R=Pr Rhy(S-

PTA),
PTV),

R=Bu Rhy(S-PTTL),
R= Ph Rhy(S-PTPG),

O—<

SOEAF

* In the case of R, is alkyl group, B-lactam is obtained, but in R? is Aryl groups, y-lactam is obtained.
= Electron density of nitrogen atom is important.
When N has electron-enough, C-H insertion at adjacent to N is enhanced (in insertion mechanism, C-H insertion
process is activated by push of unshared-electron pair).
When N has electron-withdraing group (Ar, carbonyl), B-lactam cyclization is inactivated, and y-lactam is obtained.

« This is acceptor/acceptor type, reactivity is so high. So enantioselectiviry is low, but R' = Ar, selectivity is increased.
= Benzyl position is slightly lower reactivity than saturated aliphatic C-H because of electron-withdrawing nature of
Ph group, so reactivity is controlled, and enantioselectivity is increased.

» Model for aymmetric induction in B-lactam formation with Hashimoto's catalyst.

_________________________________________________________________________________________________________

Rhy(S-PTPA),

1

1

1

1

1

1

:

1

I O Bn 4o Rh
:

1

i Hashimoto's catalyst
(

phthalimide

HO Rh—(
F|

h_

approach

—_—

0o o\b
from front Me\ H@
O
\ Ha
Rh

(@)

Olntermolecular reaction H. M. L. Davies et al., JACS, 2000, 722, 3063.
) ) . H. M. L. Davies et al., JACS, 1999, 121, 65009.
* Simple reaction system and chemoselectivity H. M. L. Davies et al., JACS, 1997, 119, 9075.
Boc Table 1. Asymmetric C—H Activation of Cycloalkanes
mooTTTTTo (‘)' - _R_h_: N, ﬁ 1. Rha(SDOSP), H COz;Me OM
' C ' hex.,-50 °C —a 2Me
: D——< | ! Ar)LCOzMe +J "o O . NF<302M9 Rhy(S-DOSP), [\rtm
CN O1—Rh! 5 6 (2eqg) 2 TFA 7 Ar (1 mole%), 10°C —(Chaln 4
L L SOAr T,
EAr = p-C1oHo5C6H, | Ar vield, % | ee, % | de% diazo Ar n product yield, % ee. %
| __Rny(S-DOSP), ! 2 o S I 3 CH S 50 05
b | pClPh 70 84 84 3b p-BrCeH, 2 4b 64 95
c | pMePh 67 3 94 3¢ p-CIC6H, 2 4c 76 94
d | 2-Naphthyl 49 a3 92 3d p-(MeO)CeH, 2 4d 234 88
. 3e 0-CICsH; 2 4e 81 90
Mannich type products. 3f m-CICsH, 2 41 47 94
3g p-CFsceHy 2 4g 78 94
3h p-MeCgH, 2 4h 63 93
Newmann model of intermolecularreaciton (Rhy(S-DOSP),). 3i o-BrCgHy 2 4j 72 90
-------------------------------------- 3 m-BrCgHy 2 4k 62 95
1|- & 3a CsHs 1 Sa 72 96
MeO,C Ar MeO,C Ar 3¢ p-CICeH,4 1 Sc 70 95
— 43 mol% of catalyst was used. At 80°C, 85%, 67%ee.
S M

,-------N
n
=
—

H

H. M. L. Davies et al., JOC, 2009, 74, 6555.

U

diastereoselectivity is depended on size of substituents.

« enantioselective reaction

* electron-donating groups on Ar decrease reactivity,
probably because of the lower electrophilicity.

« adjacent to heteroatom, reactivity is increased.

5/17



Relative rates of reaction various substrates. oL, 2001, 3, 3587. JACS, 2001, 123, 2070.
! Boc H)\ 0 _
: [{] E H1 %\x 0] (e}
E O Q )<—|/ \ / ! R Fa2ll\¢\|:|l + %\x
. ; R
: 0.078) [2700] ! Claisen | wichaei
! ' rearrangement
' (0] (CTTTTT T ! i
| \ / @ ;PN il o R O
l ' [24000) ! Z o :
' |4700] |28000] v . 2N QTES HZWx
; \cyclopropane! | AU X TR m~Ae :
““““““““““““““““““ R \ /7

reaction rate is so defferent with respect to
substrates (functional groups), so selective
reaction is possible.

C-H activationat
adjacentto N

C-H activationat
adjacent to O

Intermolecular metal-carbenoid C-H insertion
can replace with classical C-C bond formation,
in high stereoselectivity.

NHR O \ OH O
F"J\Fl‘)\x RoN-_R! TBSO._ J\é{)LX
1 Mannich T Aldol
R1J'I\H + lﬁl\x R'""H %\X

C-H activation as a surrogate of classic reactions of organic synthesis.

R
JOC, 2005, 70, 10737.

moderate dr

H. M. L. Davies et al., OL, 2001, 3, 3587.

! prewous work R !
'R :
' NZY AT Rhy(S-DOSP), I
T Com Ar :>
1 2 H = 1
! _ CO,Me !
! normal C-C bond formation =~ morerate yield
: highee |
1 |

H. M. L.

Davies et al., JACS, 2004, 126, 10862.

Ph
B NN +N2

COzEt

R= H, X = CH; : 95%, >98%de, 99.5%ee
R =6-OMe, X=CHj;:
R =7-OMe, X = CH, : 90%, >98%de, 98.9%ee
R=H, X=0:75%, >98%de, 95.1%ee

high ee and de — other mechanism??

Rh,(S-DOSP), Ph
(0.5 mol%) N |
2,2-dimethylbutane ' X
0°C H :
CO,Me

77%, >98%de, 99.3%ee

Et
\ Rhy(S-DOSP),
=y (2 mole%) « first step: C-C bond formation of benzyl position (olefin side) (3)
Na come  OMB. high stereoselective reaction by Rhy(S-DOSP),
g 57% = C-H activation/Cope rearrangement
2 4(2eq.) 5 . d step: t
~98% de, 98.4% oe second step: cope rearrangemen
Et, -~ CO;Me o \U’
110°C O‘ | “ consecutive 2 steps reaction, apparent direct C-H activation
92% I~ » using diazo 4, second retro cope rearrangement is unfavored,
COMe {e}
5 6 high temperature is required.
98.4% ee 98.0% ee Et — Ph, because of cunjugated with Ph after rearrantement,
: SO retro cope rearrangement undergo low temperature.
Proposed mechanism .. Aromatizaton oo
i Ph,, -~ CO,Me
H | OAC Rny(S-DOSP), Phy, S -CO:Me -
! S OAc - HOAc
R2 - ! 1.1eqg. 1
C-HiCope ¥ CcoMe| ! DMB, 0 °C O‘ 85% ©
- — | il
ﬁ . 1 13
[ S e %o
a - surrogate of Michael addtion ... ____ . ____
I R' ' OTBS o)
2 | oTBS Ph
Cope RO == COMe — “ | ! ha(s DOSP), O‘ |
O
= s 1 0 H =
| coMe | ! DMB, 0°C H Zo,Me Co,Me
| 78%, >98%de, 95.2%ee

_______________________________________________________



2-2. Cyclopropanation AT HTTTTTTTTTTTTTTTTTTo T ;
diastereoselective cyclopropanation ! )%< !
'H H R.l 1
Ph ! H '
\ R(?Z(Oﬁ’f ;4 AV : I A g, :
A+ mol% s ! e RiEwG M/ X, |
o N2 4%, EIZ=>201 (/ 1 EWG 2 Hews W Fe
COMe Ph l " H :
: Rh _hh_ E— | — :
H. M. L. Davies et a/., TL, 1989, 30, 5057. o de@l_Qt QJQSt_e_r_e_o_S—ejegn\_/Lty ____________ '
o \U/ . « R'is saturated alkyl group (not shown, TL paper) :
enantio/diastereoselective cyclopropanation diastereoselectivity is decreased
Ph :
Rh,(S-DOSP), /\,C0:Me — intermediate is not stabilized??
RN+ —_(mof) , '} (but when bulky ligand is used, it is improved (JACS paper).)
2 coMe penetane, -76°C (P ) « RZ is donor group (Ar, allyl) — diastereoselectivity is increase.
R Yoo yield (%) (R? = acceptor(e.g. ester) : selectivity is decreased,
Cells 08 68 acceptor/acceptor type carbenoid is too much reactivity)
p-CICgH, 97 70 « using chiral Rh catalyst, high ee was obtained.
p-MeOCgH, 90 41
EtO 93 65
H. M. L. Davies et al., JACS, 1996, 118, 6897.

Enantioselective Cyclopropanation of Allenes H. M. T. M. Gregg et al., OL, 2009, 11, 4434.

Table 1. Cyclopropanation of Monosubstituted Allenes Table 2. Cyclopropanation of 1.1-Disubstituted Allenes

€OMe o, (s-DOSP),

CO;Me R COMe  ph (S-DOSP) R
2, — R B 2 4
R %_,_ NZ)\©\ Hexr?n& %\ : R/&‘ + NZ%\@\ R/L%;.CO‘?MG

S Hexane,
1a-d 2 3a-d e 2 B q i
5a-c 6a-c
allene R product % yield % ee
allene R R’ product 9 yield T ee

1a Ph Ja 76 90

1b p-CIC:H, 3b 61 84 5a Ph CH; 6a 33 86
le C:Hy Jec G0 88 5b CH; CH; 6b 30 90
1d CH,Ph 3d 54 =80 5¢ (CH3)551 CH; 6o 79 85

) positive charge
/ * In toluene solvent, trace procuct is obtained. Maybe cyclopropanation of aromatic rings and a-

: methyl C-H insertion is proceeded, so it is suggested that cyclopropanation of allene is slowly.

* Reaction is proceeded at only indicated no substituted olefin.

* Aryl allene and aliphatic allene are succeeded moderate~good yield and ee.

* Disubstituted allenes are decreased reactivity because of sterically barrier (see TS).

* In TS, there is positive carbon on the central carbon of the allene, so stabilized substituents give
high reactivity (e.g. silyl).

Buchner ring expansion A. R. Maguire et al., Chem. Comm., 1996, 2595.

)\/U\[( Rhy(OAC),
CH2C|2, heat

in NMR, rapidly equilibrating mlxture
R =H, Et, Pr, 'Pr, "Bu, 'Bu, allyl major (>97%) : trans

allyl : 49% (byproduct : cyclopropanation of allyl olefin,
other alkyl substrate : 59-79%

* Benzen ring is reacted with metal-carbenoid species.

* In this case, R groups stericallyblock, diastereoselectivity is
appearred.

steric effect of cyclization
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Enantioselective Cyclopropenation of Alkyne

lH M. L. Davies et al., OL, 2004, 6, 1233.

R_
N> Rh,(S-DOSP),
)j\ (1 mol%) é ,cone
Ar COMe hexane, rt

R = alkyl, aryl, allyl : 48-74%, 84-92%ee

EWG, heteroaromatic : moderate yield and high ee
EDG : low yield and moderate ee

— lower reacivity of p-methoxyphenyl carbenoid.
allylic : not obtained (can't isolate)

______________________________________

I
1
1
1
1
1
1
1
1
1
1
Ar =
1
1
1
1
1

""-\\L EE—
P8RS 0o ,Me Rh,(S-DOSP),

. pantana
2 p

weo_O_ppunstable

H. M. L. Davies et al., JACS, 2010, 132, 17211.

Allyldiazoester

15 A

-45 °C, pentane, 2 h

CO:Me :7!/}03H7 4 ,CO CO,M|
N9=§ S
Y, thts-Dosp). | R
& mol %) n-CSH7 n-CsH; )

16 17

N 4

silica

pBre 8
unstable, tentatively assigned on the basis of NOE
Formation of furan

entry R= product yield, % ee, %
GCF3
1 /@ 16a 88 98
K Cl
2 /@: 16b 79 9%

16¢c 86 97
17a 87

OMe
17b 78

Substrate approaching
Cl from front

Predictive model with Rhy(S-DOSP),
from result and DFT calculation

CO,Ms

Ar. CO:Me  Ar,
=
Lah. RhL,, \=‘=.. COMe RnL, A™F | COMe
" bondb  8AD bonda LR o
R cleavage R cleavage &
19 18 20
l-nth
Ar\QCOzMe (1,5 shift CO,Me
-—
R R
21
Mechanistic hVDotheS|s of cyclopentadiene

* At low temperature, cyclopropen is generally obtained in high
enantioselectivity.
—+ When Ar has EDG, cyclopentadiene is generated.
* At reflux, cyclopropene is not observed, cyclopentadiene is obtained.
* Disubstituted alkynes are no reaction : sterically barrier (in TS)

[4+3] Cyclization : Tandem
OWith simple diene

H. M. L. Davies et al., JACS, 2009, 131, 8329.

CO,Me COMa
= Np= Rl T
Q otes - - | s
1 4 toluene
Me e Me 43
] femp (°C} yield (%) a2 %)
Rha 5-DOSP), 3 45 38
Rh(S-DOSP)y -26 i3 53
RhS-PTAD), 23 T8 g6
Rha{ S-PTAD), -26 a8 95

Proposed mechanism of stereoselective [4+3]

T

MeO,C

OTBS

___________

E OTBS ) R [3.3]
: Me0SC. . ., cyclopropanation | .! =4 -
: \ I
: [ — 20
' alkene approaches from frant :-@;--____: E
! 19 ! -
I ! ° -
| 0TBS coMe ! N O1Rh
: MeO,C |'I f\ | O o ( | : :
| LR — /~0TBS :@H G—-Rhi
i A A | i
e AT -1 Lo TN
COzMe
1)/\)\/\)\
o) ONF Z OTBS
(3.0 eq) o
TBSO OMe
N Rhy(S-PTAD)4 (1 mol%)
2 toluene, -10°C \
2) reflux, 4 h
67%, 90%ee

Cyclopropanatin/Co

e Rearrangement (for diene)
OWith heteroaromatic

H. M. L. Davies et al., JACS, 2007, 129, 10312.

COM Baoc
V& Rh(Il) catalyst N
= Ny (1 mol %) LO2Me
08 OTBS 713
2,2-DMB OTBS
7 10 (2 equiv.) 1
temp yield e
catalyst °0) (%) (%)
Rh:(R-DOSP)4 23 31 (—)29
Rhy(S-NTTL), 23 25 85
Bhy(S-PTTL)s 23 34 88
Rhy(5-PTAD), 23 38 91
Rhy(S-PTAD), 50 86 92
Rhy(S-PTAD), 694 81 85
@ Reaction was performed in hexane. 2.2-DMB = 2.2-dimethylbutane.

CO,Me Rhy(S-PTAD),
pyrrole | N, (1 mol%) bicyclo
substrate OTBS DMB, 50°C product
product'
Boc
COzMe COzMe COZMe
\
oTBS OTBS MeO,C OTBS
69%, 96%ee 72%, 98%ee 71%, 89%ee
Boc
p—tol
CO,Me
COzMe COZMe N
A OTBS
OTBS OTBS
0, 0, 0, 0,
64%, 97%ee 68%, 94%ee 76%, 91%ee

less substituted olefin is preferentially proceeded first cyclopropanation
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2-4. Other C-C Bond Formaiton 2-methylindole
[3+2] Annulation of Indole m_ \G:{j
H. M. L. Davies et al., JACS, 2010, 132, 440 L ”‘“,';ﬁ:;:‘j?‘f"l‘
2
Mt‘UgC
Pn"vf‘cozm H de 7 2- substituted or " "
! (’“\ + e > - =
N FhiROOSP), ZN Ny P N 3-substituted indole e o e i L,
5 CHaCly, 45 °C 5t 7 68% yieid B2% yieia 57 yield
72% vield 17% yield 97% ee 1% e 96% e
BO% ;e ratio: 411 ~g5; e Me0, M0 o
exo endo g@ g{i u\CE{j
In simple N-methylindole, 2 isomers are obtained. N &‘j W P N-Bos VR :1
initial reaction at C2 or C3 position of indole?? i _u:: I/ 3 .. M
= reactivity of substituted indols dons oe . srae ——
« 2-methylindole : endo compound is obtained. M s
+ 3-methylindole : exo compound is obtained. = e .
* Reactivity is stability of 2 or 3-position? So author's said, this reaction is il g £ ko ':.m {_J
step-by-step reaction, stable 3° carbocation is generated in transition state, T feid 7% yols
maybe not concerted reaction. Me0,G Me0,G
H, H,
s e B2
16 17
TTU yiald 50% yiakl
OBY e 08% e
3-methylindole
Al A _-COsMe Al’,{
o
N 2 mol % Rh4(S-DOSP)y O CO,Me
\ toluere, -45°C N\ H
e " 3
\ K0 5
k{ \L‘:) 3\;/
COzMe
N H COMe COMe
a v UN\ .
74% yield 54% yield B88% yield
99% ee 98% ee 99% ee

Ylide Formation H. M. L. Davies et al., JACS, 2009, 7137, 1101.
Carbenoid can generate ylide with appropriate carbonyls or imines.

RS_H \r ______________________________
=Y T, R.co,R2 N 1 reaction rate of intermolecular reaction;,
epoxide <«— J\\ +)\ 9 hig 2 —> J\\ +)\CHO R4 — aziridine ; ' epoxidation of benzaldehyde > !
CO,R? N, RS . cyclopropanation of styrene
O—Yllde o
M. P. Doyle et al., OL, 2001, 3, 933. N-vide

OThree-Component Cycloaddition

H. fetefinfot-fuiiaiiiii N
AE_CORT ge : | . ; major
RICHD + I' + ‘I' AhzPivg (0.5 mols) Re. .0 COR* . ) 0 AP g (0.5 md =) Ay 0 P : R @ =} :
{ibidaiv L 1,_7 |! CHyCly, -THC e S ol R'CHO da CHAC, TR T H:‘L‘_e : Z YO 0 CO.Rf :
1. T equiv 9 b I -

By 10gqui BT equiv - R : K‘H l» :
from: Fu = ' |
Il - 0 P | !
| I;)r S S ’ b e 0 1 :

s M. "
COMe] o, =955 j;/y ., dress o o | e i !
=0, gp Ba --"
3 Fh A9
s = =M 97%
= -0 ' Q' o ks I dr>855
;h S L¢] Ples T ) |
Me0,C” geab Me0,C” ggib i . 3% :? e
7% oI5, M i o " o u - b H
________ WY e R e T T o L C exo approach
LH ! .
i =gt \proposed model of reaction. _______
Eﬂ;&:.;" Cra ) JL ¥
— TR R e I e . L .
i LS— m‘;:*""{ COsMe Rh,Piv, is most suitable.
Semeeeee g G * Rhy(OAC)y, vield is decreased.
dr=255
T3% o i i i
g = - 5 N * regioselective reaction
= ] po . .
R T ¥ ke ||| St i"/ - endo selective reaction
ek’ G Mas 13
1a DO Iwgm,“
dr=055 A s
COyEL - y 4
¥ E2% Y,
e (33 i =)
dr = 94:6° Q H Bu 15 ¥y
g}-” ki M Bl angss
: u:;-'-=K" [ra i ]
! i ﬂ’g‘:‘"ﬁ z‘\ll\)zo—--?s.b e '.T o F
n ey
dr=85:8 G 1
w085 ok L gy
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2-5. Heteroatom-H Insertion
OSi-H Insertion

H. M. L. Davies et al., TL, 1998, 38, 1741.

ON-H Insertion

F. A. Davis et al., OL, 2004, 6, 4523.

CO,Me COMe CO,Me

; Me,PhSiH Boc. Rhy(OAc), 0
! R Rhy(S-DOSP), R ; NH O O (4'mol%)
PNy =( ——————— > MeyPhsir . P(OMe), ——————
i CO,Me pentane, -78°C Co,Me | R CH,Cl,, 35°C R™ >y~ ~YP(OMe);
--------------------------------------- Ny Boc O
Ph Me Ph R = Ph : 68% (cis/trans = 81:19)
Me-PhSit - < — — CH=CH, : 65% (cis/trans = 92:8)
e2nsl co.Me Me,PhSir - Me,PhSi! - Me : 88% (cis/trans = 96:4)
2 CO,Me CO,Me "Bu : 79% (cis/trans = 95:5)
50%, 85%ee 64%, 95%ee 76%, 91%ee 'Bu : 84% (cis/trans = 99:1)
Ph
— (_/_/ . >/_\/ — >/: OO-H Insertion

Y. Landais et al., JOC, 1997, 62, 1630.

68%, 77%ee 63%, 85%ee 77%, 92%ee

R2
NS

Ny

R CO,R3

R =H, Me, Et, Ph;
R3 = Me or Et.

ROH

Rh,(OAC), M
NNc0,E

R' = Ar, vinyl, alkyl; R?=H, Me;

40-77%.

2-6. Total Synthesis using Rhodium Carbenoid
T. Fukuyama et al., JACS, 2008, 130, 16854.

OMe BnO OMe HO OMe
BnQ Q N }—_:
= 9 ) O N
PR (0.3 mol%) Ph \_4 H
b 0" "Ph  Rh,(S-DOSP), —_— He
O —_—
S g O
N g S

57

(~)-serotobenine (59)
stereoselective intramolecular C-H insertion.

Combined chiral auxiliary and

| chiral ligand (S-DOSP) provided

T. Fukuyama et al., OL, 2011, 13, 1089.

an excellent result.

R Rhy(R-DOSP), O R
0.2mol%) /  COH
— : R
Ny CH,Cl,

Q‘COZH

H
R = H : Phenylkainic Acid

R*0,C R*0,C
R = H, 88%, >95%de

OMe, 63% >95%de

stereoselective intermolecular C-H insertion.

R = OMe : Methoxyphenylkainic Acid

.

R. Sarpong et al., ACIS, 2009, 48, 2398.

MONMQ e OTBS
' N
G +
H |

CO;Me

o Rhz(R-DOSP),

Y,
39 40
{+)-enantiomer
Me
MOMQ
Me COsMe

Rhz(R-DOSP),

JOTBS
+
H .3 |

(=)-enantiomer

HO OH
(+)-cyanthin Az (45)

44 CO:Me

N2:§

Y

40
5:1dr

When racemic SM was employed,
41 and 44 (diastereomer) was
mainly

obtained (depend of chiral ligand).

Although they have inverse absolute
configuration at reactive site, using
Rhy(R-DOSP),, [4+3] cyclization
was

proceeded in 'same’ stereochemistry
so diastereomers are obtained.

'pallarel kinetic resolution'

diastereoselective intermolecular [4+3] to diterpenes.
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3. Copper Carbenoid Induced Reaction

Copper carbenoid is shown the similar reaction for Rhodium carbeoid reaction.
But to manipulate reagents and condtions, higher reactivity and selectivity can be afforded.

Copper carbenoid can be proceeded main metal-carbenoid reaction, C-H insertion and cyclopropanation, and total
synthesis was performed by copper carbenoid induced reaction.

i

PBU3
CuOTf THF a
88% 83%

ex) Y. Qin et aI JACS, 2007, 129, 13794.

1.6.1.0 dr

| N
R —
. R
N7
1

(+)-communesin F

Reactivity of many C-H insertion or cyclopropanation using Copper carbenoid is lower or same for Rhodium carbenoid.
But heteroatom(N, O, Si, S)-H insertion reaction is significantly improvement of ee compared for Rhodium carbenoid.

N-H Insertion

Q.-L. Zhou et al., JACS, 2007, 129, 5834.

a~amino acid derivative (N-Ar) synthesis. P
Table 1. Cu-Catalyzed Asymmetric Insertion of Ethyl 6 mol% (S5,5,5)-1a F,i‘ o]
2-Diazopropionate into the N—H Bond of Aniline? JL ( ‘2 + RONHR? —Cmol%NaBARF Ra,-N\_‘J'L\O,RZ
g [CulIL* 5 mol% oo ! s CH,Cly, 25°C ki
u, mola
"JLTO" Ei + PhNH, Ph"N‘fAO’Et 2 4
o 3a yield ee
2a 4a entry R! R R? Rt product (%) (%)
time  yield ee 1 Me Et Ph H da 94 98
entry ligand [cu] sovent (b)) (%) Me  Et  p-MePh H 4h 94 91
3 Me Et p-MeOPh H 4c 96 85
1 (5.55)-1a CuPFg(MeCN)y CHCL 2 78 43 4 Me Et  pClPh H 4d 92 98 | ... .
2 (RaS8)-1a CuPFs(MeCN)y  CHXCL 29 5 5 Me Et p-BrPh H 4e 95 o8 ! F.C CF \
3 (5.5.5)-1a CuOTf(Tol);a  CH:CL 2 83 5 6 Me Et  mMePh H af 92 9% | 3 3
4 (52,5,5)-1a CuCl CH:CI2 24 15 rac 7 Me Et m-C1Ph H dg 95 97 :F c CF-'
3 (SaS85)-1a CuCl/NaBARF  CHxCh 2 94 98 3 Me Et m-BrPh i 4h 96 98 3 3
64 (S.5.5)1a CuClNaBARF CH.CL 2 90 95 9 Me Et  oMePh H 4 95 98 ! _ |
7 (S28.5-1a CuClyNaBARF CH.CL, 2 8 8 | 10 Me Et  oMeOPh H 4j 8 98 | B !
8 (52,5,5)-1a CuCl/NaBARF CHCl3 2 29 98 11 Me Et o-CIPh H 4k 95 88 : !
[} (S25.9)-1a CuClNaBARF CHs 6 20 a5 12 Me Et 1-naphthyl H 41 89 o8 |F c CF :
10 (S,58-1a  CuCUNaBARF MeCN 72 45 rac | 3 Me Et  lnaphthyl H 4m a 98 3 3
11 (S,59-1b  CuCUNaBARF CHCL 2 8 61 | 4 Me Me Ph H 4n 78 9% | FsC CFy !
12 (SS55lc  CuCINaBARF CHXL 2 9 79| I3 M Be 2 i i 2% | ) !
13 (S,591d  CuCUNaBARF CHCL 2 75 & [ .5 = = 3 t 42 P . (SR BASE_ _____. y
14 (5.5)-Ph-Box  CuCl/NaBARF CHaCla 2 66 5 18 Me Et Ph Me dr P rac
aR . . i N 19¢ Me Et Bz H 4s 55 rac
_ Reaction conditions: [Cu] QU,OI mmol), ligand (0.012 mmol). and | 2g Me Et e-CgHpy o NRA
NaBARF (0.012 mmol) (entries 53— 14) were nuxed in solvent (2 mL) for
2hat?25 0(1\' then aniline (0_'2 mmo].)P imdfth-‘rl 2—d1a_zopr0p10nate _(0'2 2 Reaction conditions were the same as those in Table 1. entry 5. For|
mmol) were mt.rodpced and stirred ar_;:’ °C. ® Isolated yield. f/Determ.med the characterization and analysis of ee values of insertion products. see
by ch.1_ral HPLC using a Chiralpak AS column. ¢ With 1 mol % of catalyst. Supporting Information. ® Reaction time: 48 h. © Reaction time: 16h. 9 No
refluxing. reaction.

+ Counter anion effect is so high, the smaller and slightly coordinating OTf is inferior to the PFg in the enantiocontrol.
+ with the larger and non-coordination ion BARF", reactivity and enantioselectivity is significantly increased.
« steric-hindrance diazoacetate (Entry 17), secondary amine (Entry 18), amide (Entry 19) — enantioselectivity is so low.

O-H Insertion

Q.-L. Zhou et al., JACS, 2010, 132, 16374.

1 1
OH 5 mol% CuOTf+1/2toluene ! '
| 6 mol % (S,,5,5)-1b OH : L dug!
N, 6 mol% NaBASF * | !
! S CO,R ! . .
kCOQR CH,Cl,, 25°C | 7 R
entry _a-diazo compound 2 product 3 vield (%) ee (%) &ntry a-diazo compound 2 product 3 yield (%) ec (%) i B |
OoH oH Br. 1 !
N Qo ;" N T ove %  91® | (S2,S,5)-1b 1 R = Bu;
1 o8n 80 93 e ' ;
§ 2 ° ¢ T (SaS,S)1b:R="Pr
? 8 : one 94 95
2 X 0Bn QWOE" 89 90 C':O'\))Hgﬂmn ¢ 0 3h
o 3b
o 2b o . . . .
o high yield and high selective
on . o OXT % o 9¢ ome a9 9 t}' ¢ gh p
3 Ny o8n 27 ss ™, - reaction for pyran rings an
08n | on o furan rings.
Lok o U%OB" QYOBH o s In seven-menbered ring,
. QC?Y Iy o 3 reactivity is so decreased, but
4 oMme O°"‘°3d 95 92 , o using ligand 1c, good yield and
o 2 1 on {\(“’B“ 80 95 selectivity is obtained.
o & 2 o 3k
5 N @roa 9% 92 e
ot N 12 omte &WOMQ 9 97
o 2e ¢ 5] 21 o 3
oH o oH
Ny
6 CI:J\FO‘&- 97 82 N, &( 14 95
I:i)i)HrO’Bu T 3 13 i“\’rﬂﬂn Y UEn3 (TO)" (83)”
o 2f T s m
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OCalculated Study for O-H Insertion into Water, Cu vs. Rh

Z-X.Yuetal, JACS, 2009, 131, 17783.

Ph\”/COZMe o ML*  Ph._CO,Me
+ ,,-O. g
HOH 7
N, HO H
H @ Q
AGuy o | H j OMe
kealimol Leu-1co,Me S
T$:2-C Ph o _H
dicdoato £
827} H y-OMe N
) 0 294 -
cu(l) ' H Ph 247 .- 0 N
5 ! 4 1' LCU---Q _I ‘\
; OHa  3-F | 75-3-0 J—0OMe
@ 2 i 1
;’OHZ_| L'. h"‘ qHH Il
LCu='ss ' < ,
—;hCOZME \ ? ',

| HaO
754 Y

Figure 1. DFT-computed free energy surface for the Cu(I) carbenoid insertion
into the O—H bond of water.

Scheme 4. Relative Free Energies of the Two Competing
Pathways for Various Catalyst Systems

£ ¥ *
L-Q Tt 0 o 1
/ CMe L.M-0O H OMe H »—0OMe
Ph— " ML, ot
/ o\ﬁH - OMe 0o — "7 Ph
t “o”H ph—( +ML, H  Ph o H
? @ OHy—-OHs by i

Water-catalyzed \Water-catalyzed

[1,21H Shift for My  Metakassociated Yide  Free Ylide 19 o1 shift for Fy
(TS-MY) (MY) (FY) (TS-FY)
AAG . (FY-MY) AAG,(FY-MY)
entry ML, [AAGAGTS-FEY-MY)] entry ML,  [AAG%TS-(FY-MY)]
%, (kcal/mol) CcN (kcal/mol)
O 0,
1 7 i 11.5 2 OI -0, 6.0
&N\cau\} [0.8] Q/N\ ’N‘) [1.5]
@ Cu
AL
P Rh?
O AP -0 18 el 5
POl I u/k) [-0.4] 4 _{ 4,';,.1 £5.7]
3

S-H Insertion Q.-L. Zhou et al., Chem. Comm., 2009, 5362.

Table 2 Cu-catalvzed asymmetric S-H bond insertion of 4-diazoesters
with aryimethyiens mercaptans”
5 mol% CuCl
& mol%e {5, 8.5)-4a o
M i
e 5 . & moith NaBAr: i :‘;

1 R Y OAr SH - L "R
R ’KI/ K CHCly, 80 °C R J\If R
o 2 o]

1 3
Entry R' R Ar Product Yield (%) ee (%)
1 Me Bn CgHs 3a B2 81
2 Me Et  CgHs 3h 91 73
3 Me Bu CgHs 3 62 LK
4 Me Bn 4-MeC;H, 3d 73 83
5 Me Bn 4-CIC;H, 3e i 83
f Me Bn 2-MeC;H, 3f ¥ Bl
7 Me Bn 2-CIC:H, 3g 0 78
8 CHs Me CgHs 3h 50 LT}
9 2MeCH, Me CgHs 3 fd 7
10 ICICH;  Me CgHs 3 83 73
11 IMeOCH; Me CHs 3k 8% 77
12 I-MeOCzH; Me CgHs 3 71 52
13 4-MeOC;Hy Me CgHs 3m 651 61

other heteroatom-H insertion;

Si-H : high yield and high enantioselectivity for the similar ligand ;

________________________________________

| it R O ?m. R! |

R! T (e '

E OR* ML, , e, H—(::—COOR + ML

LN R-0® OR OR: ¢ !

1 H 1

L @M |\ © I(s) !

: (o] o R! R |

1 1 1 1

! R or RPO-H LM-C-COOR e¢.-cooa+ M, |

: ML, B (b) H’S\Rz C H’%“RZ E :

JGRh-Q
{ AGgy J ‘2—0!-?!&
keal/mol [ Ph——g—y |
) ! H qH )
ha—0 ‘\ ko i /’
Rh(ll) ) OMe '\ _ i 7.0
o, P s s Q
LRh =[" s BOH=:OHy 08" e W )Mo
271G O Me J TS-7-F .
Ph o / :'05- Ph
TS5 s

L: HCOO®2

—('*co e 0
oA H 7Z\—mma
7€ O pn 4

H

Figure 2. DFT-computed free energy surface for the Rh(II) carbenoid insertion
into the O—H bond of water.

* TS-O : 2 H,0 and metal-coordinated TS before product

TS-F : only 2 H,O cordinated TS before product

In DFT calculation;
Cu : TS-3-0O is more favor than TS-3-F (Figure 1)
Rh : TS-7-O is more unfavor than TS-7-F (Figure 2)

» Scheme 4, FY : metal is not coordinated at protonation step

MY : metal is coordinated at protonation step
AAG(FY-MY) (AAG'so TS-(FY-MY))> 0
— Ligand affects protonation step determining ee.
in RhoLy, AAG(FY-MY)< 0, so ligand effect is decreased.

in CuL,,, AAG(FY-MY)> 0, so ligand effect is significantly
obtained.

= in O-H insertion Cu prefers to Rh.

moderate~good yield was obtained,
but enantioselectivity was moderate.

Q.-L. Zhou et al., ACIE, 2008, 47, 8496.
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4. Palladium Carbenoid Induced Reaction Review : Y. Zhang et al., EurJOC, 2011, 1015.

Palladium carbenoid shows different behavior for other metal carbenoid.
L. Wang et al., TL, 2008, 6781.

OEarly report Pd(OAc); R
D. F. Taber et al., JOC, 1986, 51, 3382. OMe (5 mol-%) .
o J\ﬂ/ + R -/LEWG PhCH3, 80 °C MEOAE; "EWG

Pd(PhCN),Cl 8
CO,Me (( 15 m0|(5o 2 COM R, R H. Me, Ph: yield up lo 86%
COMe + oMe EWG = CHO, CO4R, C{OJNELy, CN cis:trans > 85:5
N2 "PhCN, reflux, 51 SEEERL | et s o e—— s man s e ]
| Mz Pd(OA(c]z (5 mol-%)

HN-N
4% 14% )'\H,DME ol-%a) Bh—d %
Fh P
* FTCN T Cichcha 7S CN

: o r.t., 10 days Ms0g= :

o ! g 10 11 !
COMe NN g !
PdL, : f\{:{}_\\\ . A Ph. GN;
n A r-:=/) MeOQCMCN Meg,e Y

in reactive olefin, even Rhy(OAc), was not reacted.
Mechanism is different from other metal carbenoid.
In after report, enantioselective reaction was failed.

S. E. Denmark et al., JOC, 1997, 62, 3375.

:> Pd-Carbenoid can perform other type reaction ??

Insertion of Palladium Carbenoid D. L. V. Vranken et al., TL, 1999, 40, 1617.
D. L. V. Vranken et al., Tetrahedron, 2001, 57, 5219.

palladocyclobutane ??

Authors believed to proceed through a palladocyclobutane
whitch partitions to the enone or the cyclopropane.

szdba3CHC|3
Br (2.5 mol%) |
SiMe3 1'§‘SPh§, Oxidative addition — Migratory insertion
(15 mol%) : s . .
+ ﬁ — B-Hydride elimination — Insertion to olefin
N2 DIPEA, DCE — Elimination of TMS and regeneration of Pd(0)
eO reflux MeO
Proposed mechanism;
' __ Br TMSD AT pd" Br pa 2" HpyBr Pd(0) reacts with diazo compounds to rapidly form a
AT P (‘ A T A L Pd-carbenoid, and Pd(Il) can be formed in situ from
! SIMea \]/l\SiMea ~FsiMe Pd(0).
: H
! Ar _
! --- \Fj\S'M% o= A Z 4 PA0) + MeySiBr
SR B
Nucleophilic Addition | Cross-Coupling with Diazoacetate
D. L. V. Vranken et al., OL, 2007, 9, 2047. X = TMSCH,N, . + J.Wang et al., JACS, 2007, 129, 8708
D. L. V. Vranken et al., ACIE, 2009, 48, 3677. X =CO,Et ! 0% PAPPI A GO
- H. .COEt ., g
aX T DEBU, Bu MEr il
Pd,dbazCHCl5 \ N T aE B N  dak
(2.5 mol%) | |3a-m 2 CH5CN, 45 °C 2
R1 PPh3 R1 R2 : halide (3, A7X] ] 4 yield (%)
X (15 mol%) X entry Palide (3, A reacn tme (h) yield (%2
HNRz + RzJ\(”'* i ————RN ¥ X |1 3a, Colsd B! 1280
3 N THF, heat R3 [ 2 3b, p-CH3CsHal 14 4b, 77
______________ o 3 3¢, m-CHsCeHLI 11 4c, 75
o) X 4 3d, p-CICH,I 5 4d, 74
[\ [ j O O s 3¢, p-BICAH 5 1e.20
Y y Ve [l 4 i 8 R
3n\)\/\TMS Bn\)\/\ MS BnN\TM BnN\TMSE ;:'"’ Si;:NOiC;H é ik ;"6
27% 80% 91% % ! a 31 p-C_H;O(' 4 1'.-' -h £l
| 10 3j. 0-CIC:H,I 12 4j, trace
(0] (0] [ 11 3k o-BriC H. I 72 4k trace
[ ] O [ ] | 12 31 C,H:Br b1 da. trace
N [ 13* Jm, p-NO:CsHsBr 10 4h, 19
Bn \/I;‘.i\co Et Bn \/I;i\COQEtNCWCOZEt E " ;Iésg;}le;}if:ﬁdd g%}erﬁ:ﬂl‘fﬁ%ﬁ;?nmgmph}z # Reaction mm using 5 mol

This substituent is

' Proposed mechanism X N CO-Et i ;

! | " ~ Y 1 hydrogen, this

! RNH N2 RN SHX o R-Pd _',{Lf} ', H,=_COEt ! reaction is occurred.
- /\ smnea H,)\%Sim% | attack from low steric || B — HHN: o T ,

! ' barrier position. i a3e - B = - 1 In other groups,

. >~ 2 ' n . coupling of

: PdL, R /\| L 1 In X=COEt, i { =) CO:EL 1 carbenoid with Aryl
' a P e ! product s stable " CO-Et ﬁ" ' halide.

E / \ 3 2 : conjugated ester. E: R—F"d—{'é: 2 Ny . (I show next.)

| : N N A ! Nmaybe this route
| RN Pl e R /\ : i c z :]parh a 4 ' is plausible.

' MSIM% prdﬂSIMe ! " . /J,. !

: g Migratry 2 i COEt ./ !

: +H2 \TSUJI Trost insertio r/ : h “1];' — Pd(0) RI !

: Pan __SMe; E E:-_--z_ ................................ )

| RS giMe, R PdXL |
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Cross Coupling with Aryl Group

J. Wang et al., JACS, 2008, 130, 1566. PhB(OH),
rR' O Pd{PPhy), (2.5 mol) rR' O
PryNH (5 #q.), BQ (1.5 8q.)
R? R? + PhB{OH), R:Mﬂ-s
N, Phide, 80°C Ph
4a-i 2a 15 rrin Sa~i
eniry digzo 4a-i product vield (%)
[n}
1 . 84
\IJL‘”‘r F'h"JL‘CCIg'Pf
hy da 5a
\/\l‘i "‘\i
2 - 92
Ol COHe (ZE=125
Na o 4 sb
Q Fh
3 Ph/\n)I\OMG F'h,‘_/l\. COgMe /0
N, (#E = 1:1.5F
4 e
. 0 Ph .
F'“/\’\H/ILwe Ph"’""‘él‘ﬂﬂzh'le (ZE=12.3)
N2 4d 5d
(=)
5 JNJ\M )‘ﬁ/wf““ 65
N, 4e n Se
o o
& N)J\“/ F“)I\“’Ph 30
N, # sr
o
7 47
o Na . Ph
4z 5g
Ma /@j\f
8 a M B Ph 93
ah 5h
o o
My Fh
9 | 75
4 5i

'Scheme 1. Mechanistic Rationale !
: base_— Pd(0)L, BQ |
| wa N :
1 I :
rRY, L R® X—PdL, PA(lIL,, :
: I E A :
' A7 “cor® 0 ArB(OH); !
! 2 Y !
, Ar !
| Ar—F'fii(“]Ln '

Using CuCl (10 mol%) & 02, reaction was proceeded.
(From tosylhydrazone; shown below.)

J. Wang et al., Chem. Comm., 2010, 46, 1724.

Coupling of tosylhydrazone

Pd,dba (1 mol%)
0,
NNTs Xpr:os (2 mol%) Ar
R3 Ar—X LiO'Bu (2.2 eq) ~__R3
R! (X =Cl, Br) dioxane
o R% ] R% __
] Ph pZ OMe
p-tol CN
o\ oh 90°C, 10 h
70°C, 4 h 68%
98% 90°C, 4 h
98%
: p-tol O/\(j : : \ j
90°C, 16 h 90°C, 17 h 100°C, 16 h
99% 50% 90%
(Pd:2 mol%, L:4 mol%)

in situ, diazo intermediate is generated from tosylhydrazone with base,

and next carbenoid generation, migratory — B-elimination.

J. Wang et al., JACS, 2010, 49, 1139. CO Insertion

Table 2: [Pd{PPh,),J-catalyzed reactions of CO with 1a-i and 2a-j*
o
M, i = 1
W i . ESH [Pd(FPh, ] (5 malSh) JJTEDEME
R CO.R GO balloon H) =
1a-i 2a 3 NEL, (2 equiv), DCE, 60°C da-g

Entry 1: Ar 2R R t[h] Yield of 4, [35]
1 Ta:CgH, Za: Me, Me 10 4a: 83

2 1b: o-MeCH, Z2a: Me, Me 11 4p: 436

3 1c: p-MeCH, 2a: Me, Me 5 4c 8

4 1d: p-MeOC:Hy  Za: Me, Me 9 4d: 85

5 Te: p-NOCH, Za: Me, Me 17 4e: 6]

B 1f pMeQ,CCH, 2a: Me, Me 14 4f 74

7 1g: p-ClCH, 2a: Me, Me 10 4g: 80

a Ta: CH: 2b: Me, iPr 7 4h: &7

9 la:CH, 2c: Ph{CH), Me 12 4i:77

10 Ta CH: 2d: Ph, Me 9 4j:57

11 Ta: C:H: 2e: p-MeDCH, Me & 4k 75

12 1h: mCH,CH, 2a: Me, Me 10 4164

13 Ti: p-BrCH, Za: Me, Me 10 4m: 75

14 Ta:C:H; 2f Me, tBu 12 4m: 82

15 Ta: C.H. 2g: Me, Bn 12 40: 7%

16 Ta: C:H; 2h: nPr, Me 10 4p: 66

18 la:C.H, Zi: Bn, Me 0 4q: 62

19 1a:CH, 2j: pONCH, Me 12 M

[a] Reaction conditions: la-i (1.0 equiv), 2a-j (2.0 equiv), and 3
(1.1 equiv). [b] Yield of the isolated products. [c] The product was a
roixture of keto and enol, [dl No reaction,

Etz3iX=., R G

EtySiH |

I
O,PdLn LPd- Ci X ,
A X ’
a4 a0

gl D J R

Scheme 3. Mechanistic rationale,

Et3SiH is hydrogen source, halogen-hydrogen exchange
process promotes reaction.

Scheme 3. Proposed mechanism for the Pd-catalyzed cross-coupling of
N-tosylhydrazones,

77 o T A
| e SOR Ty 8OR -
: Ri=N Ro =M Nz_‘:’ [ :
' ; [ LiOtBu T R | E
: " B it :
| 1

1
: Ar-X I|| |
' HX = L-Pd '
i :f'«rjl H % | i
I :
v rRR N i -
: vil LPdX L—Pd-X !
' + o '
1
: 1\ -
1 r 1
1 M,y !
: by A J :
! Rer L—Pd-X :
' H‘;'( RIJJ"\ :
I 2 | !

R

1 - R" :
' I
1 1
1 1
1 1
1 1




5. Recent Other Metal Carbenoid Induced Reaction

Iridium Carbenoid

Recently, Iridium-salen complexes are employed for metal-carbenoid

reactions, by Katsuki's group.

ACIE, 2007, 46, 3889 ; Cyclopropanation

-
Cyclopropanation ; ACIE, 2007, 46, 3889.
JACS, 2008, 130, 10327.
ACIE, 2009, 48, 3121.
C-H Insertion ; JACS, 2009, 131, 14218.

Si-H Insertion ; JACS, 2010, 7132, 4510.
|_ Cyclopropenation ; JACS, 2011, 7133, 170.

Table : Asymmetric qra:luprupanalmn af styrene and its derivatives with
tert-butyl o-diazoacetate. {R} =
cat (& mal) A F:
poms, NACHCOfBU (1 equiv) m.ﬂ._{ . A -.f’l Lr\
THF, N2 COoBu GOy O o[ O D
: ASETRE
Entry  Ar T Yield cisftrans™  ee, -7 -
S 2] [36] O@ QQ

L} Ph RT 40 40:60 76 ogll

2 Ph RT 87 55:45 g4l gl L = p-MeCeHy

3 Fh RT 43 58:437 37 7of

] : m n

‘;’ ;*: E :? ';f,f‘; :“;’ ;:, « at -78°C, in THF, high yields and high stereoselectivity.

6 Ph 40 25 T o6 830 | « cis selective reaction.

7 Ph 73 =49 = 05:] gofl  ggfl

gH Ph 78 =99 =09:] goil

gl Ph 78 =099 =991 gakl
106 o-MeOC H, 78 80 97:3 goit!
1E m-MeQCH, 78 88 =88] gy
128 pMeQCH, 50 =59 =58 g
1361 o-CICH, 78 ] 95:1 ga!
14F m-CICH, 78 g1 =581 g
158 p-CICH, 78 =99 =951 g8
168 ph 78 oo =99 gt
179 ph 78 =59 =88] g7

JACS, 2010, 132, 4510 ; Si-H Insertion

Table 3. Asymmetric Si—H Insertion with a-Aryl-a-Diazoacetates®

; . 2Cl3, - T T
(1.2 equiv.) Nz (1.0 equiv.) 30°C. 24 h R'SI H gi-o
antry cat prod, R R? % yigld®® % e
1 1 i PhMe; Ph 93 =99
2 5 0i PhMe; Ph 91 50¢
3 1 6j Et 2-MeOQOC:H,4 02 99
4 1 ok Etz 2-ClCgHs 95 =09
5 1 ol Et3 3-MeOC;Hy 95 =09
6 1 om Etz 3-ClCsHs 97 =99
7 1 6n  EL 4-MeOCH, 94 >99
8 1 oo Et3 4-CICsH. 97 =09

Table 1. Asymmetric Si—H Insertion with c-Alkyl-a-Diazoacetate®

1 2 9
AMe,Si—H + R \H/COZR Ir{salen) (2.0 mol%) R! : CO,R?
. CH;Cly, MS 4A, A
(3.0 equiv.) N2 (1.0 equiv.) 78°C, 24 h ArMe;Si H ga-d
entry cat. prod. Ar R! R® % yield® % ea”
14 1 62 Ph Me Et T1(86) 41¢
pd 1 6a Ph Me Et 83(96) I
3 1 6@ Ph Me Et 89(98) 51¢
4 3 6a Ph Me Et 85 73"
5 4 6a Ph Me Et 85 97
6 4 6h Fh Me 1Bu 88 97
7 4 6c o-tol Me Et 85 98
8 4 6d Ph Et 1Bu 47 97

(@R.R), R = CgHs 4: (aR,S), R = 4-TBDPSCgH.

2 (aS R),R=H 5: (aR,S), R = CgHs
3: (aR.R), R = 4-TBDPSCgH, L = 4-CHyCeHa

* in aryldiazozcetate, nomal salen complex (R=CgH;s) gives
high yiled and enantioselectivity

* in alkyldiazozcetate, salen complex 4 (R=p-TBDPSCgHy,)
gives high yiled and enantioselectivity.
(the complexes having a higher molecular recognition
ability would serve as an efficient catalyst for this
reaction.)
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Cobalt Carbenoid
X.P.Zhang et al., ACIE, 2008, 47, 8460.

There are a few examples.

1 1
1 1
1
CO,Et X I
Co(P1)] (1 mol%
P, [h (P1)] (rt o ho) <L coRr : |
NO, exan?\,l , NO, : :
1
(1.2 eq) 2 I :
Table 2: [Co(P1)]-catalyzed diastereo- and enantioselective cyclopropa- : 1
nation of different alkenes with w-nitrodiazoacetates.”! : :
Entry Cyclopropane R Yield Z/ET  ee4]¥ [0 Entry Cyclopropane R Yield Z/EY e el [ , '
i e ! :
1 e 87 92:08 89 () 16 oM _com Et 90 9109 94 ()" ! |
2ieh ©/<|§~C(32H Et 93 92:08 92 (=) 17mn N, Et 21 9307 a5 (_}EFI : [CO(P1 )] :
s e de ol oz g ) F ' (P1 = 3,5-DitBu-ChenPhyrin);
el tBu 97 =99:1 94 (=) 5 ER R e e 4
siehl com Et 864 93:07 90 () qgma m : B 51 %00 82 ()
gl Mgm@ Bu 90 =99 92 () F FoN% * [h] 5 mol% catalyst.
E
Me " M . . .
Jishl R L g 96:04 91 () i o > enantioselective cyclopropanation
NO, 139 = g 70 94:06 83 (=)
Me o, of acceptor/acceptor type
e EJ:(Q(co‘.R e 52 R s (Hydrogen bond of N-H of amide vs
NO, 20 i tBu 45 §2:068 =>80" (-) |NO, and ester of diazosubstrate,
o coR Bt 83 92:08 90 () reactive face is determined.
oM rsumgy tBu 87 >99:1 92 (-} zpme PhA‘AVNzOzR tBu 43 92:08 >86" (+) )
il > COR y - ,OYQ\, COR
e . L] N, Et 84 9109 %0 () omp Me ¥ 2 i 347 88 ()
NO,
) coR -
128H - Et 82 91:09 90 () ,om/QK‘COZR
] 2 i LU Et 62 56:44 88 ()
o NO,
" COR
1384 @AV Et 87 91:09 90 (-) Me.
F e ki Jan/q\(cozﬂ
1441 SR B 88 s2:08 90 (o X" Me r Bt 92 63:37 75 =)
15M - tBu 98 96:04 88 () NGy
FiC 2

Iron Carbenoid
Iron is so cheap metal, but reaction example is not enough...

Ruthenium Carbenoid
Y. Tang et al., JACS, 2010, 12, 604.

Y. Tang et al., JACS, 2009, 131, 4192.

Table 1. One-Pot Synthesis of 1,3-Butadienes via Catalytic
Carbenoid Insertion of Allylic Ylide®
g~ H 1} LIHMDS, PhMe RS CO,Me
(]
BugP Z CO;Me _2)MDA FeTEP)O! /\HﬁI
1 3) RCHO 6 H” “CO,Me
entry R Time (h) 6 (%)’ 3ESERESZ
1 4-CICsH,4 6 62 (6a) 92/8
2 4-BrCqH, 7 61 (6h) 94/6
3 4-NO-CH, 7 54 (6e) 97/3
4 4-UNCH,4 6 53 (6d) 92/8
5 CeHs 7 61 (6e) 95/5
6 4-MeCH, 20 67 (6) 94/6
7 E-PhCH=CH 23 45 (6g) 90710
8 Cy 25 72 (6h) 92/8
9 Ph(Me¢)CH 24 66 (6i) 94/6
65 (6j) 75125
a9 (6k) 87713

tandem carbenoid reaction/ Wittig.

good E/Z selectivity for Wittig
reaction.

cl!

Ry o R L .
CO,Me
. Ph3PV\[cone
—_— —_—
i COMe CO,Me
PPh,

Y .ﬂl’\n,CClzR [RuCL{p cymene)] (2 mal %) @f\>_(m
FN ool N CouR
H Na My, CH, g, | 2
1a z 3
entry Ar R product time yield
(%)
I Me (2a) 3aa 0.5 96
2 Me (2b) Jah 0.5 17
3 Me (2c) 3ac 0.5 92
4 Me {2d) Jad 0.5 20
5 Me (2e) 3ae .5 L]
6 SCFCy Me (2) 3af 0.5 77
7 4NOLCeH, Me (2g) 3ag 2 48
8 4-MeOCH. Me (Zh) Jah 0.5 33
9 3-MeOC H, Me (2i) 3ai 0.5 4
10 2-MeOCH. Me (2f) 3aj 18 trace”
1 4-MeOC H. {.'li:(!::('[l: Jak 2 50 Sterica”y barrier
( ; o
12 Z-naphthyl Me (21) sa m w |iScritically
13 1-naphthyl Me (2m) 3am 72 22 | affected.
14 Ph tfert-hutyl (2n) Jan 24 12
15 @ Me (20) 3a0 0.5 65 |Entry 10, 13, 14.
5
16 <w Me (2p) 3ap 0.5 91
17 i Me (2q) 3agq 18 6l
N
Hoc
Scheme 1. Proposed Mechanism and Transition State Model
[RuClz{cymene]l
Ar
Np N CO;R®
R? Cyclo R Ar
3 TN A" propanation i S or®
R = + LRu=( R B
N CO,R® N HO
R ) R' (1)
Ar=R* RECgH,
= > ring opening
RS J:rﬁt atCa
R* N =%
e
" .CO:R R? A
SRS
L N Co,R®
Ru é1 2
transition state model forR'=R?=H

Other example of iron carbenoid, asymmmeric cyclopropanation
using porphyrin complex, moderate yield (up to 67%), good
diastereoselectivity (up to 96:4) and moderate enantioselectivity
(up to 80%ee), further improvements are required...

Ruthenium is the similar reactivity for Rhodium, many high efficient
examples of Ruthenium are reported, but enantioselective reaction
is a few report. (See Review ; Enantioselective Ruthenium-
porphyrin-carbenoid ; C.-M. Che et al., Synlett, 2010, 2681.)

G. Simonneaux et al., TL, 2009, 50, 5149.
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6. Sammury & Perspective

Metal-carbenoid-mediated-reactions are so useful reactions for several type bond formation and skeletal construction.
C-H Insertion, cyclopropanation, ylide formation, and others....
These reaction was used for several total syntheses.

Ny ML, ML, Various Bond Formations further transformations

J

Natural Products
R2 R1 R2 stereoselective

R1
Futher Improvement

» Main metal of carbenoid reaction is Rhodium, that is so expensive.
:> We would like to use other cheap and available metal ; Cu, Fe, Co, Ni, Mn, ....

Recently, several cheap metals is used for metal-carbenoid reaction (further improvements were required).

* Usually, many type diazo compounds are thermally and photochemically unstable, and diazo precursor is unstable,
explosive, and toxic.

ex) Most available diazo preparation method ; Regitz diazo transfer
0.0
iS5 11 o o 0o o AU NHAC!
S 9P P D g"@’N N M J\KL : O E
ONL L 17N 2 1 21 '
R1J\5U\R2 — R1J\/kR2 Fk\ hl) _ s R f R ——~ R f R N5 !
, TsNj or p-ASBA NN N ! |
Hw__ Base A N N \___PASBA ]
r

j Carbenoid generation method not using diazo precursor ?7?

available substrate and useful addtitive, easy conditons...
e.g.) \LJ’

.g.
substrate (dihalogen, monohalogen, active methylene (benzylic, allylic, a-position of carbonyl), directing group,
alkene, or alkane), additive (base, oxidant), ligand effect of metal (steric, other several character), and the other
addtivie and conditions...

If these reactions will be achieved, metal-carbenoid reactions is sure to become more general and conventional reaction.
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