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1. Introduction
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Singlet carbene and Triplet carbene

P

L
i1l
+171
L.\'

g1

Figure 3. Electronic configurations of carbenes.
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Representative reactions of carbene

O-H insertion C-H insertion C=C insertion (Cyclopropanation)
H” > H R HH g R H O H R
7O — > RO L, — H RZFZ ——
R H R H
H H H H o

= Triplet carbene reacts radically

] Me
Gl o]
H C H Mo v (] e
J’l\ h"r' : o ) iradi
ci ¢l cl cl T SAr -Na T Ar 5 :ph !3|rad|cal.
H H 1 I g A intermediate
te 101
c cl
H ’ﬂw H b Me
—_— {1 S
(70-60% vield) o e o y{Ph (3)
H H T Ar
fic) 1
Acta.Chem.Scand., 1992, 46, 680 JACS, 1995, 117, 11355

Dimerization Cyclopropanation with loss of stereochemistry



Carbene metal complex

CHNG ONCH, |
H,NC. . ~ . CH
O e \I’t::fmtc :
CH,NC” . \NH.NH,” | ~CNCH,
CHyNC CNCH,

X,-n-H,0. 1925 Firstly synthesized by Chugaev

Anorg. Allg. Chem., 1925, 148, 37

- Fischer carbene and Schrock carbene

M --=C -G
6~ g+ =-bond -bond 5+ §-
L-M—, —— . L=, T . L-M—,
R o-bond R a-hand R
carbacation-like Mo=-- C carbene-like M o= O carbanion-like
Fischer carbenea Schrock carbene
Carbocation-like Carbonion-like
electrophilic nucleophilic
_— ( philic) ( philic)
' &8—&? weak it back-donaton strong it back-donation
*1
R adjacent to heteroatom adjacent to C or H atom

Fischar metal carbene  (Stabilization by it donation) (no stabilization)



Generation of carbene from diazo compound

°° Thermally or photochemically generated
R R R R carbenes mmmpp Unselective

Metal carbene from a-diazo carbonyl compound

@) (@
R L.M R M (Rh, Ru, Cu, Au etc.) and L control
R > R the reactivity and selectivity of carbene
Mergmce) x| comcoor
Ru M=C~y S%?Eéiﬂﬁ Reactivity (electrophilicity) is depend on
_ the metal(+ligand) and substituent of

Electron withdrawl by LY, or X
increases reactivily, decreases sefectivity. carbene center
Steric influences by L, ¥, or X changes
sterenselechivity

Chem. Rev. 2010, 110, 704



Ligands affect the reactivity and selectivity(1)

ex.1 Chemoselectivity

Rl
RI
YA r
0
la: R} <R3 - H RZ =Me 2 3
1b: Rl —H RZ —=Me, R* = OMe isolated  Felyield, %
compd R! R? R} Rhals yield, % 2 3
le: Rl =Me,RZ=F =H a H Me H Rh(OAc)s 92 8 52
Rha(pfb)a 86 0 100
10: R! =R? =R3=H Rha(cap)s 15 100 0
b H Me OCH; Rhy(OAc); 83 60 40
R Rha(pfb)s 80 0 100
IR Rh;(cap)s 80 100 0
0o ) ¢ Me H H Rh;(OAc)s 88 45 55
\/ 1/ ?} "}‘/ Rh2)pfb)s 82 0 100
Rh—Rh RH—RH Rha(cap)s 97 100 0
71 7 /1 7 d H H H Rh(QAc), 99 67 33
Rha(pfb)s 95 0 100

R=C3F7 Rh2(pfb)s Rh2(cap)a Rhaz(cap)s 72 100 0

JACS. 1993. 115, 8669



Ligands affect the reactivity and selectivity(2)

ex.2 Stereoselectivity

L, e

Rh2L4 z
o]
CH,CI, i 0
n

H

In

4
isolated % ee

diazoacetate catalyst yield, % 45 4 5

cyclohexyl Rhs(45-MACIM), 70 99:1 97 65
Rh:(SR-MEPY ) 65 75:25 97 9]
Rh»(4S-MEOX), 50 5545 96 95
Rhy(OAc)s 46  40:60

cycloheptyl Rh;(45-MACIM), 73 99:1 9% 6l
Rha(SR-MEPY )« 80 71:29 96 85
Rh,(4S-MEOX), 68 58:42 97 94
Rhx(OAc), 29 30:70

cyclooctyl Rh;(4S-MACIM), 62 95:1 97 56
RH;(5R-MEPY )¢ 80 72:28 97 95§
Rh(4S-MEOX), 60 57:43 99 95
Rha(OQAc)4 33 29:71

’>‘ A=CH,: Rh,(5S-MEPY),
/k CO,Me

A=0: Rh,(4S-MEOX),

Rh—Rh

71

7| A=NAc: Rh,(4S-MACIM),

JACS. 1994. 116, 4507



2. Gold carbene
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Characteristics of Gold

11

79Au Group 11, 6t period

Electron configuration [Xe], 4f*, 5d19, 65!

Oxidation state 5,4, 3,2.1.-1
especially Au(IIl) and Au( I ) are stable
(work as soft Lewis acid)

Most electronegative transition metal in the Pauling’s scale

l

Gold carbene exhibits special characteristics
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Gold catalysts can activate alkyne(1)

Soft Lewis acidities= Activate alkyne,allene,alkene for attack of nuicleophile

H[AUCI,] O
R—— > R—<
MeOH/H,0

[Au]

(R=CsH44, CcH43, Ph)

[Au] : J. Chem. Soc. Perkin. Trans.1., 1976, 29, 123
R———R » R—='=—R
¢ -
R H H* R [Au]
Nu>=<R -[Au] Nu>=< R

Gold coordinated intermediates are trapped by various types of nucleophile

* Alkyne + amine

R———
H.N \ 5 mol% Na[AuCl,]
2 —
MeCN Ry

(100 %)

(R=CsH44)

Heterocycles, 1987, 25, 297



Gold catalysts can activate alkyne(2)

= Alkyne+Carboxylic acid

* Allene+Thiol

Me

ipr\%°)\|‘“‘\\0Me

SH

IIII

cat 5mol%

é
solvent
rt, 2h

precatalyst
—»

CH.Cl,, 20 °C

entry catalyst? solvent yield (%)°
1 AuCl CH:CN 90
2 AuCl; CH:CN 84
3 AgOTE CH:CN 10¢
N\ _ph * Sc(0TH: CH:CN 0
MeO.C 5 HCI CH:CN 0
€L 6 AuCl toluene 60
7 AuCl CH:CI 63
0~ ™o 8 AuCl CaH(Ch 57
25 mol %. ? Isolated yield. ¢ Conversion.
JACS, 2006, 128, 3112
Entry Precatalyst (mol%) t Yield (2a) [%]
1 Audl; (5) ih 58"
2 AuBr, (5) 20 min 56
3 Audl (5) 15h 88
Me 4 Aul (5) 5 min 28
— 5 Aul (1) 15h 64
3 [Ph,PALCI) (5) 7 days trace
- “, 7 [Ph,PALC]] (5)/ 4h 52
Pr=- g \ AgBF, (10)
OMe ¢ AgBF, (15) 2 days trace
9 AgCl 15) 2 days no reaction
10 Cull (20) 1h trace
1 Cul (20) 2 days no reaction

Angew. Chem. Int. Ed., 2006, 45, 1897



Gold is less effective in m-back donation than Rh(1)14

n-back donation ability depends on the electronegativity

very weak m ~ Most electronegative transition metal )

. ¢' - '-"'HE - i
@ = weak n-back donation
(< ) » n-back donation from metal stabilizes the carbene center

\= weak nt-back donation makes more reactive (electrophilic) /

Gold(l) carbene

Gold-coordinated < Gold carbene > G.old-stablllzed
carbocation singlet carbene
|

Electrophilicity



Gold is less effective in m-back donation than Rh(2)15

» Gold carbene is so electrophilic that it can abstract Cl from solvent

+ (0] 8]
__ PhyPAu *
R—= i bce RJJ\,,,AuPth - R,IJ\{AUPth

O B
cl Mg o/ N
weti A -

MO~ = [>Ci

0
L [Au] (5 mol%), [O] (1.3 equiv), DCE NP AuPPh;
—~d 2a el

MSH\/ 0 }/ R/Lk(mgphs | R)J?cl;s,Me

Y

8 N N R=H 4o + AuPPh ug o
13 e R = H, 4a Rl!\+/ :35—0'2 4d Cl D lMEOH
h.,l = Me, 4b r}l = 2‘6-8]‘2, 4e 0 :phspAu"‘i MsOH o Ph:LPAU'-
R Q o Me,('\}\)I\/OMS MeO 22— m’"‘\,—fc'y‘a —
8 3a MsQ™ g
Scheme 2 Proposed reaction mechanizm.
Yield® [%]
Entry Gold catalyst Oxidant Acid (1.1 eq) Reaction conditions 2a 3a
1 Ph;PAUNTT, 4b — 60 °C,8h 8 0
2 Ph;PAUNTT, 4b MsOH 60 °C,&h 39 6
3 Ph;PAuUNTT, 4b MsOH RT,8h 63°4 5
4 Ph;PAUNTT, 4hb MsOH RT,8h 41 6
5 Ph;PAUNTT, 4a MsOH RT,&h 60 5
6 Ph;PAUNTT, 4c MsOH RT,8h 21 11
7 Ph;PAUNTT, 4d MsOH RT,8h 24 15
8 Phs;PAUNTT, 4e MsOH RT, 8h 39 14
9 IPrAuNTf, 4b MsOH RT,8h 19 11
10 (R0]3PAuNTf2f 4b MsOH RT, 8h 51 13
11 Au(m)® 4b MsOH RT,8h 4 13

“In vial; [la] = 0.1 M. b Estimated by 'H NMR spectroscopy using diethyl phthalate as an internal reference. “Isolated yield of 63%.
4 MsOCH,CH,Cl was formed in 46% yield. ° CH,Cl, as solvent./ R = 2 4-(z-Bu), Ph. & Dichloro(2-picolinato)gold (m).

Org. Biomol. Chem., 2012, 10, 3168



Gold is less effective in m-back donation than Rh(?,)16

* In the case of Rh carbene

o) [ O ] o)
N Cﬁ
2 Rhy(OAc), pa Cl
| (I |~
o DCE 5 H OH
) T e P
J. Org. Chem., 1995, 60, 2112
(0}
CI

Q‘ ’
Rh,(OAc), (1mol%) o
2 4 o
Tetrahedron, 2003, 59, 9333

82%

Rh carbene intermediates are flanked by two electro-withdrawing carbonyl groups

“ Electrophilicity

Au carben intermediates with one electro-withdrawing carbonyl groups




Gold is less effective in m-back donation than Rh(4)17

- Diazo compound and gold catalysts give azine compound

[Au(CeFs)(SC4Hg)l  (CcF5)Au Ph
N2 Et,0 Ph \N=<
ﬁ
)J\ >=N' Ph

Ph (70%)

Inorganica. Chimica. Acta., 1994, 222, 267

So electrophilic to be attacked by diazo compound
R OMe

A

[Rhy(tpa)sJeCH,Cl, 0%~ 0 Q
oem o /th/—/RIh/ Stable enough for
MeO OMe | | characterization by UV, IR, NMR
R=CPh, Q

OMe Angew. Chem.Int. Ed., 2015, 54, 15452



Gold is less effective in m-back donation than Rh(5)18

Intermediates as gold carbene

Entry [M] Time Yield (%)°

2a (cis:trans)®  Allene 3

OAc o Ac 1 RuCL(CO),S  18h 83 (8416) 5
el A U NNl B VL L.
AN toluene, 60 °C ; [[ﬁ'c(l{cod jek min - Trace
b 18h 37 (70:30) 7
5 AuCl 0min 54 (7624 39
Ia 2a 3 & A 0mn 6 (02) 26
7 PiCl, 1h 91 (68:32) 9
8 GaClyf Bh 26 (6535) 0
Tetrahedron. Let., 2003, 44, 2019
OAc O
OA% Me,'BuXPhosAu(MeCN)OTf
~ ¥ '
\ s DCE, rt N
o Ph ’ Ts P(t-Bu),
l T (96%) i-Pr l i-Pr
i-Pr
= NTs Me,'BuXPhos
— NT
Ph cyclopropanation ‘)(O s
I > o
| OAc Ph Chem. Commun., 2015, 51, 13937

Au
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Gold carbene and Gold stabilized carbocation(1)

What decides the character of carbene center?

= Computational and experimental analysis = Focusing on ligand and substituent
(By Toste's group)

(D Substituent

Structural and electronic comparison of cationic metal-free and [AuPMe3] * substituted substrates

a 01\ ! \1‘334 ~. 1.352 N 1.268 ! -0.15 ‘—0.02 - 0.04
cz 1.441 +1]1.416 gm0 0 £370-3
o3 ! 0. Ao 0.86 043 o 0214

Ny I 0TIT0 : o LAy
i OMe OMe | v OMe OMe
| 1
4 5 6 i
| A=0.926 0.955 0.983 .
! |
: !
L I PMe, '
| | 2403 :
| Au 1
AI" || 2.061 |
ot | 1.360 !
. 2 | !
c2 1.426 |
! 1
c: | 071%0 !
P i 1
X X ! .
| !
1
' AugPMe AuyMe AugPMe !
A=0.954 0.093 1.029

Nat. Chem., 2009, 1, 482
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Gold carbene and Gold stabilized carbocation(2)

Bond length

Natural atomic charge

~. 1352

4 5
A=0926 0.955
FMe, PMe,
| 2.403 | 2.388
| Au Aut

Au MePHe

0.993

2.053
K1.383
3] 1.303
- s}

1368
+11.301
o

|
OMe OMe |

6
0.983

PMe,

| 2.392
Aut
2,040
1.405

| 1.365
OMe

AUEPME
1.029

|
iAu

o |

I
OMe i

-0.15 -0.02 0.04
X034 Ty-0.34 "3-0.31
1.0.86 1043 o ilo21g
Q>4 -0
I\) OMe OMe
PMe; TMe3 Tl'l..llre3
Aut Aut
-0.32 -0.21 -0.16
Ny 041 T -0.39 |—0.32
0.83 i 0.34 0.10
N o (o]
0’+ ~0
OMe OMe

A= (C'-C»/(C?*-C®

Lower A - - - Positive charge is
stabilized by C3 substituent

Higher A- - - Positive charge is

stabilized by c! substituent
(Aul)

A increases with less-donating C3 substituent (O>Me->ester)

A increases by the stabilization of positive charge at c! from Aul

Au-> C! stabilization grows with increasing electrophilicity of the allyl cation

Effect on natural atomic charge at c3 grows with increasing electrophilicity

of the allyl cation (0.86->0.83, 0.43->0.34, 0.21->0.10)
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Gold carbene and Gold stabilized carbocation(3)

The effect of AuL on rotational barrier with different substituents

PF’ha F’Mea
(Z) -Aug? (£) -Aupe™
M0B6/0.2 keal mor!  Expt.  11.0 keal mol™’ MOB 14.4 kcal mol™ MOB 22.5 keal mol™! Chem., 2009, 1, 482
MOB—>10.8 kecal mol!
+1.4kcal mol™* B3LYP 9.1 kcal mol™’ % MO06, B3LYP, BP86 - - - Functional
BPBE Bg kcal mD|_1 Expt. R experiment
Ph, +8.1 kcal mol_1
|
o) c
C3 Cz !
[ ]
o
o
c%-C3 bond of carbene resonance extreme has High rotation barrier indicates
double bond character character of carbene intermediate

AulL-C stabilization (carbene character) is dependent on carbene substituent!!
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Gold carbene and Gold stabilized carbocation(4)

Experiment analysis

a R
R

Q 5% LAUCI, 5% AgSbFy R Never
m + | A - O observed
D CDE'Clz —
8 :

RI
O

Ph rLigand {L} Yield {d.r.) \
5% LAuCI

5% AgSbFg o pnl  POMe); 0%
[ co.Ch P(OPh), 11% (4:1)
Ph 2z = PMe, 56% (1.4:1)

PPh, 52% (1.7:1)

<: >_/—AuL >_/—Au|_ K IPr 80% (11:1})

Intermediate

Experimental analysis also shows electron-donating substituent
decrease carbene character!! Ligand effect is important?
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Gold carbene and Gold stabilized carbocation(5)

@) Ligand
Calculated bond length

Short bond length = Double bond
character= carbene-like reactivity

j — i
P(OMe), PMe, PPh, P{OPh), —No o N—
| 2.379 2.388 | 2.389 2.093
AuT Au™ AuT AuT

2.057
1.380 .

2.053
1.383

2.044
1.384 .

2.036
1.386

Aup, POMe Auy PMe Auy PP Aup FOPh AupyNHC Aupe

Ligand (L) Yield (d.r.) /7 Polymerized product - = = carbocation-like reactivity

P(OMe)s 0%

P(OPh), 11% (4:1) _ N/\—_/\N
PMe, 56% (1.4:1) IPr= N
PPh, 52% (1.7:1)

IPr 80% (11:1) Cyclopropanation = = = carbene-like reactivity

Computational and experimental analyses ar
consistent with each other !!

What difference is deciding
ligand effect?
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Representative bond of metal carbene

Representative bond of carbene

Lca--r@*——@g\R LD 8@@9\ 7 @8‘

3 centre—4 electron o-bond Metal— alkylidene ﬂ—bonﬁ__ Metal— ligand n-bond
L«--M--» C L M--=C L«--M C
L->M o donation M&:Co donation C: €M ntdonation M->L nt donation
High <€ > "Low -High <€ > -Low

(weak o bonding)  (strong m bonding)

n-acidic
weak ¢ strong
Carbene-like reactivity Ligand Carbocation-like reactivity
strong > weak

o-donating



NHC ligand
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NHC:- - - N- Heterocyclic Carbene Stable singlet carbene

/ *J N-Cn donation stabilize carbene center

[\
e

Strongly o-donating and
weakly rt-acidic ligand

533 | Rk, Y
R Increase Au->C nt-donation

m-bond
NHC =-x--Au ---> C
decreased increased




Gold is less effective in m-back donation than Rh(5‘1)

8

Intermediates as gold carbene

OAc

Q
N 5mol% M]
{::\ toluene, 60 °C

la

2a

— A OAc LnM
Ph Ph
=/ cyclopropanation / / Nucleophilic attack by OAc
OAc CO®=<
— (o]

©
Tetrahedron. Let., 2003, 44, 2019 ¢ oA
Entry [M] Time Yield (%)°
2a (cis:trans)®  Allene 3
1 RuCL(CO}LE  18h 83 (84:16) 5
2 RuCL(CO),  15h 90 (86:14) 0
3 [Rh(OCOCF,),,! 30 min  Trace 99
4 [rCl{cod)],! 18h 37 (70:30) 7 Less donating catalysts give allene
5 AuCl, 0 mn 54 (7624 39 . s
& md Dmn 6920 % (Reaction time is very short)
7 PACl, 1h 91 (68:32) 9
8 GaCl,f Bh 26 (6539) 0




3. a-oxo gold carbene
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oi-oxo gold carbene (By Zhang's group)

27

Nucleophile/Electrophile
@ [~ o

=

=T ,.>=’/\

Au ™ eﬁu Y O (@)
o0® I ,a-"{_E, Au

Potentially
explosive

Angew. Chem. Int. Ed., 2007, 46,5156 Hazardous /
a-carbrene gold carbene

o2v® +

1

N,

O~ — Y * + alkyne is equivalent of
diazo carbonyl compounds
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Intramolecular oxidation (1)

Intramolecular oxidation - - - Using sulfoxide as oxidant

-

CI " °

L cr- ﬂu=ﬁ 5mol % 3
Vﬂ\\ cchchzm i, 3 n
93% o
Iﬁ'u.l.ln'l . . .
i [f’*“] Aromatic substitution of a-gold
Hora
-9\)':"[ | carbene route was ruled out

@/'E A ‘ by mechanistic studies

3 [Au] .
5-exo-dig |___ r%.- ]
cyclization 7 [#u]

| .

3. 3-rearrangemeant o

o-oxo gold carbene can't

Facile 3,3-sigmatropic rearrangement is favorable
& P & be generated?

Angew. Chem.Int.Ed., 2007, 46, 5156



Intramolecular oxidation (2)

Evidence of a-oxo gold carbene formation

Pinacol-type rearrangement

Table 1: Optimization for gold-catalyzed tandem reactions of sulfinyl propargylic alcohol 8.7
20 H
O -

R@é S I
é . V%DH R\s/\)\é
8 9

00
R®JS\/\\\Q\ +

J
S-o
//>>

Entry® R Reaction conditions Yield of 9 [%]"
1 5 mol % 3, (CICH,), RT, 3 h 36 ( AuL
2 5 mol % PhyPAuNTF, (CICH,),, RT, 5h 1 _
3 Ph 8a 5 mol % IMesAuNTY,, ((CICHZ}}Z, RT, 3h 22 a-0xo gOId carbene AUt
4 5 mol % IPrAuNTf, (CICH,),, RT,3 h 53 5 RS N
5 2,6-Me,C;H, 8b 5 mol % IPrAuNTf, (CICH,),, RT, 12 h 37 o ~
6 2,6-Cl,CcH, 8c 5 mol % IPrAuNTf, (CICH,),, RT, 24 h 44 HO
7 2-CICH, gd 5 mol % IPrAuNTf, (CICH,),, RT,3 h 63
8 2-CIC,H,H ad 5 mol % IPrAuNTf, (CICH,),, RT,3h 774! LAu
9 tBu 8e 5 mol % IPrAuNTY, (CICH,),, RT,3 h i — RS
10 nBu 8f 5 mol % IPrAuNTf, (CICH,),, RT, 2 h 1510 d Iy
[a] The substrate concentration was 0.02m. [b] Estimated by 'H NMR spectroscopy using diethyl H'®
phthalate as an internal standard. [c] The substrate concentration was 0.005 m. [d] Yield of isolated
product. [g] 53% of 10 was isolated. [f] 18% of 11 was isolated. S\/\'H;;
—> R
3 . . . O OH
[ 4 - -+ IPr(NHC) ligand is suitable
~ o . . .
N 8 =+ o-chlorinated benzene ring is good substrate
Cl—-Au-0 . og o ey e . .
(|:| to inhibit competitive 3,3-S|gmatrop|c rearrangement

Angew. Chem.Int.Ed., 2007, 46, 5156



30
Intermolecular oxidation (1)

Intermolecular oxidation Reaction at the position adjacent to C-S=0

was only observed
Aryl sulfoxide as oxidant y

R2 2
5% PhyPAC] i CH,COPh ; ;
7.5% AgSbF; 0 /A (AuL)* 3 8 Ph
T T onch T o e L B o oo™

16 h, 70 0%C " n '
p‘-"s“ﬂi" ” 3 $‘R3 2d g dad {T1%) J'ad not observed

1 2 More activated C5

R R? R? 3 yield (%) position didn't occur
1a  CeH 2a OCH; CH; 3aa 87 aromatic substitution
1a CgH;s 2bh H CH:C;H: 3ab 83
la  CeHs 2¢ Br CH; 3ac 49 Apparently good
1 p-ClC;H, 2a OCH:; CH: 3ba Tl re SU|t
1c  n-CiHp 23 OCH: CH; dca 84
1d (CH3):C 2a OCH:; CH; 3da 20
le CHiCH:O 2a OCH: CH: Jea 50

Org. Lett., 2009, 11, 4906

Formation of a-oxo gold carbene & 3,3-sigmatropic rearrangement

Sulfoxide isn't suitable for intermolecular oxidation
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Intermolecular oxidation (2)

Pyridine N-oxide as oxidant—> Avoid 3,3-sigmatropic rearrangement

=it LAWNTI

OH OH

L — S

=z =4

R)\/ RJ\/
L, () emin
== (5 med %
e P e L reactor

1

Au
P MM% iod o

OH /Au
— > OH O0'@
ety L R® acid® yickF )\)\/ Au o

1 IPr H — DCE_. 60 t-::, 10 h 0o B
2 IPr H CLCCO,H DCE 60°C, 10h  324°
3 IPr H RCCO,H DCE60°C,55h  S6%
4 IPr H FCCO:H DCEm&h 53%
5  IPr H Ms0H DCE, it, 45 h S1% - e .
& IPr H TFOH DCE, i, 2 h 544 Acidic condition is needed
7 IPr  3Br Ms0OH DCE, i, 2.5 h 64% . 1 .
§ I 35Ch MoOH DCE. E 75 h g (Pyridine deactivate catalyst?)
¢ IPr  2Br MsOH DCE, i, 3.5 h 63%
10 IPr  4Ac Ms0OH DCE, i, 8 h 52%
11 IPr 2Br MsOH DCE, i, 3.5 h 65%
12 ExP  2Br  MsOH'  DCEm35h 6% Phosphine ligand is better
13 PhP 2Br MsOH' DCE, rt, 25 h 785" ]
14 PhP  35CL  MsOH DCE, rt, 25 b 75% than NHC ligand

2[1] = 005 M; DCE = 1.2-dichloroethane. ® Unless otherwise
specified, 2 equiv was used. © Estimated by 'H NMR analysis using
diethyl phthalate as an internal reference. 9 75% conversion. ©68%
conversion. £ 1.2 equiv. # 76% isolated yield.

JACS, 2010, 132, 3258



Intermolecular oxidation (3)
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PhyPAUNTT, (5 mol %)

OH e MsOH (1.2 equiv), DCE, i, 2-3 h
L _Z ——
R T o
o a

5 {2 equiv) B (2 equiv)
en- N- roduct 4/
try oxide F yield®

0 4 ™
e
MOMO 0

o >. The condition is so mild MOM and Boc can tolerate
6 5 anm 4f

. . 4r'
H

Less stable trans-fused ring

H'y >

Highly reactive intermediate

!

p Reaction efficiency depends on
kinetics of OH trapping

JACS, 2010, 132, 3258
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Other type of Ligand (1)

O catalyst
P,N-bidentate ligand 8-methylquinaline N-axide CeHap-OMe
’ 4 ME‘H;? + = | NH; (1.5 equiv, to 1a) N N
'8 MaQ E_,J chlorobenzena, 60 °C, 16 h " :-...-’ﬂ
& e,
PAd, PAd, 1a 2a 9 3a
: :N/\ (IN/
K/O | entry la/2a catalyst yield"
1 1:1.2 Ph:PAuUNTT; (5 mol %) 0
Mor-DalPhos Me-DalPhos 2 1:12 Cy-JohnPhosAuNTf: (5 mol %) 0f
3 1:1.2 [PrAuNTf; (5 mol %) 0
4 1:1.2 (4-CF;Ph);PAuUNTIL: (5 mol %) 0°
“The reaction was run with everything except the oxidant in a vial - ; . ‘
capped with a septum, and the omd%mt wlZs introduced into the N I:1.2 BrettPhc&aAuHTf;{S mol %} 4%
reaLtlon mu:ture slowly using a sy’rmge pump. Initially, [1a] = [)1 M. &) 1:1.2 Mor-DalPhos AuNTf, (3 mol ﬂfu] 58%
db al diethyl phthal h al -
gy HONS s g o]l ik el 71612 Mor-DalPhosAuC (5 mol %YAgSHF (S mol %) 37%
spectrum was mostly messy. “81% isolated yield. “DCE was usedas 8  1:1.2 Mor-DalPhosAuCl (5 mol %)/ AgOTT (5 mol %) 30%
the solvent. “Toluene was used as the solvent 9 1:1.2  Mor-DalPhosAuCl (5 mol %)/NaBAr', (10 mol %)  64%
10 1:1.2  Me-DalPhosAuCl (5 mol %)/NaBAr', (10 mol %)  64%
a0 vy, @Emg oad, POy, [l . 11 1:1.2 L1AuCI (5 mol %)/NaBAr"; (10 mol %) 52%
"~ ) iI e @ O,w’; \Q/T 12 1:1.2  DavePhosAuCl (5 mol %)/NaBAr", (10 mol %) 0°
'Pr Mer-DalPhos M Da'l‘lins L1 - P Namaf, 13 1.5:1 Mor-DalPhosAuCl (5 mol %}J"NH.BAI'Fq (10 mol %) 87%"
o 14 1.5:1 Mor-DalPhosAuCl (5 mol %)/NaBAr', (10 mol %)  59%°

15 1.5:1 Mor-DalPhosAuCl (5 mol %)/NaBAr', (10 mol %)  78%

JACS, 2012, 134, 17412
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Other type of Ligand (2)

The role of ligand

g@@,ﬂ;}a @@ el g@u@ by

O, Oy, O
|
or H-oonding ), ), =y

@\@ T /('D Steric shield on carbene center by rigid conformation

s N\ // \é\ 2 N->Au donation increase Au-> : C donation
(Carbene like > Carbocation like)

o

[@,@ =) Decrease electrophilicity (= Increase selectivity) ]
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oi-oxo gold carbene to C-H insertion (1)

sp3 C-H insertion (->cyclopentanone)

(DcConformation control by
/ Thorpe-Ingold effect

Me Me Me Me 2B-diketone-a-gold carbene

¢O o (more electrophilic =
more reactive to C-H insertion)

"Bu ‘ ‘ n O
Bu® LAu
Ph\ (@Bulky acyl group to hinder

intermolecular side reactions

Ph

Outset substrate Intermediate

JACS, 2015, 137, 5316
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oi-oxo gold carbene to C-H insertion (2)

Me Me#

entry

oo sl oy ot e W b

-
—

124
13
14F
15

“[2a] = 0.05 M. *Estimated by '"H NMR using diethyl phthalate as the
internal reference. “As mixtures of tantomers and diastereomers. d11h;

O

&

[4u] (5 mol %)

2a

oxidant (2 equiv) .
|| PnF(@05M) t2h
Ph

N-

catalyst (5 mol %) oxide

Ph,PAuNTT, la
BrettPhos AuNTT, Ia
IPrAuNTE, la
MesAuCl/AgNTE, Ia
MorDalPhosAuNTE, la
L1AuCl/AgNTF, la
L2AuCl/AgNTT, la
L3AuCl/AgNTE, la
L4AuCl/AgNTT, la
L4AuCl/AgOTE Ia
L4AuCl/AgSbF Ia
L4AuCl/NaBArF, (10 mol %) Ia
L4AuCl/AgNTE, Ib
L4AuCl/AgNTT, 1c
MesAuCl/AgNTE, Ib

ME‘ e
O
"Bu
- 3a
CeH1z 0
Me . 5a
Bz
yield®

3a/4a/5a° 6a
30% (9.5/1/1.1) 7%
61% (1.1/1/1) 20%
63% (7.9/1/0) 11%
57% (15.7/1/0) 7%
70% (6.7/1/0) 12%
59% (7.7/1/0) 7%
65% (10.0/1/0) 10%
68% (11.0/1/0) 8%
72% (13.2/1/0) 7%
67% (12.8/1/0) 12%
67% (12.2/1/0) 10%
71% (9.5/1/0) 5%
849%° (13.7/1/0) 8%
75% (13.0/1/0) 6%
74% (13.8/1/0) 10%

isolated yield. “77% isolated yield. f QOvernight.

Me fg
Me
et
CE Hqq Bz 4a

OMe
Cy
O c
MeO prY

i-Pr

D AN AN
) o) el
Ph "Me ©°38 S o

:; ((gi:-ll)’r) 1c BrettPhos
—/\ ; PAd, ; PAd,
Mes’N\/N‘Mes N N
RJ;( R1ﬂ
o
RZ
1_p2=
MorDalPhos (R=H) L2 (R=R"=H)
IMes

L1 (R=Me) L3 (R?>=Me, R?>=H)
L4 (R'=R?=Me)

@ L4 ligand (Most bulky P,N-bidentate ligand)
is the most favorable for reactivity and sel-
ectivity

@3 More hindered oxidant and NTf2 as counte-
ranion are the most suitable



oi-oxo gold carbene to C-H insertion (3)

Proposed mechanism of the reaction

Me Me

Me Me
|nsert|on
o 3a
Bz
“Bu H Ha
C-H, Me o
insertion /
Me 4a

05H11 Hb Bz

Hy, abstraction

Hc C'Hc Me
o insertion //0
CgH
Oy Me Ph 6113 Sa
. B
X ph ®TH! AuL n/ Bz
"Bu H
a
Hydrative

decarboxylation

Ph Me

6a




a-oxo gold carbene to C-H insertion (4)
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Substrate scope with Ynones

A

entry substrate 2 product 3 yield?
Me, Me Me Me
1 0 o 94%
w | "By o (>25/1y
By 2h d 3b
Me Meo Me e 5%
e o (]
Me. || Me. (15/ l)r_
Me  pnie Me B g
Me, Me
Me  Me
H
¥ TIPSO || b=( 60%
TIPs0” ¢ Bmyy
Me Me Mg me
o
4 < 96%9%
I - (18.2/1y
P 2€ e
M
Me Me o H e 72%
0 :
5 : (transicis
I 2¢ ABz 3 :32001)
Ph
Me. g = Ez, 0
6 ,, gm 85%
g 3
[+
TIPSO, « Bz o
7 e E‘mlps 5%
2h 3h
Ph Bz
0
Ang 76%
TES

Oy =
8 gbz:n:
2

“Reaction conditions: 2 (0.05 M in PhF), lAAuCl/AgN T£, (5 mol %

TIPSO/\)\

3d" (12%)

e

3i° (20%)

1b (2 equiv), tt, 2 h. “Isolated yleld “Ratio of 3/4. ﬂELMesm.ll[ll;"

AgNTE (5 mol %) as catalyst.
L4AuCl/AgNTE, as catalyst. IPrAuNTE, (5 mol %) as catalyst.

“58% yield and 3/4 =

2/1 with

OTa

entry substrate 2 cyclopentanone 3 yield®
. 2 N g 40%
1 ll (trans/cis:
Ly Bz . >8/1)
e o
2 I 48%
T Bz 3k
M
A ° 839%
3d o (cis/trans:
Il . H By u 3.5/1)
Ph
oTPs qries
# CR- 5%
| | Y (cis only)
B 2m i 3m
OTIPS OTIPS
sd = o 75%
O/\Bz ) (cis only)
2m’ Bz 3m
Me o Me
6 o 6%
(cis only)
Il
H Bz
Ph 2n 3n
OTIPS
Ph
; OTIPS\ o 67% OTBS
d/\ﬂz (cis only)
20 H Bz 30 fo)
OTBS o
oTBS q:?=0
2p 0w 3p° (40%)

“Reaction cond.ltmns 2 (0.05 M in PhF), IPrAuNTﬂ (5 mol %), 1b

(2 equiv), rt, 2 h.

Plsolated yield. “DCE as solvent.

]S equiv of 1b.
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oi-oxo gold carbene to C-H insertion (5)

Key points for control of reactivity

CD H
o O:?:o Of?co Thorpe-Ingold effect
is important !
H Bz Bz
3j 3k

Lower yield and selectivity (3j)

H Bz
3f
Higher yield and selectivity

o lo] Bz AuL
Me
@ LAu* M Ph H, abstraction Me, )
2d —_— e —_—— Me (o] —_—— 3d
AuL C
X Hy, ®
ﬁ, TIPSO H, N—Ib abstraction TIPSO
! . o (o)
i-Pr 0© Me
Me (’ Ph _ 3d‘
® AuL

o TIPSO o Masking of COmPEting

Ph AuL Ph
o
2 ar Lbftm ot trapping Lb}ggf;o 30 nucleophile is important !

(. OTBS TBS

AN LAu_Bz .

2p ©. N o Ph 3p
N AuL

TBSO
i-Pr 00 ° BS9
0
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Summary
Carbocation-like <= Gold carbene » Carbene-like
*More electrophilic Reactivity " Less electrophilic
" Less donating ligand Ligand *More donating ligand
(Phosphine ligand) (NHC, P,N bidentate ligand)

oi-oxo gold carbene

*Prepared from alkyne + Aul + pyridine N-oxide

( Safe method without hazardous a-diazo carbonyl compounds)
*For C-H insertion

NHC or P,N bidentate ligand is suitable

Thorpe-Ingold effect is important (cyclization)

Blocking of competing nucleophile is required



