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History

* Discovered by Pauson and his student Khand
in 1977

* Co0,(CO)gserved as catalyst
o [2+2+1] cycloadditon

O

O
|| %, co 02209 | M : M
m R2 R3 R1 R3

Pauson, P.L.: Khand, I.U. Ann. N.Y. Acad. Sci. 1977, 295, 2-14. doi: 10.1111/j.1749-6632.1977.th41819.x



http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1977.tb41819.x/abstract

Mechanism
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Mechanistic Calculations
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Pericas et al. Pure Appl. Chem. 2002, 74, 167-174 doi:10.1351/pac200274010167



http://www.iupac.org/publications/pac/74/1/0167/

Pauson-Khand Reaction Promoters
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e Amine N-oxides «cow=c=0 + fr;—0~ — (co;nm‘—\é_:;o—q%
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Other: Cyclohexyl amine, sulfides
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N-oxide (TMANO) N-oxide (NMO) ( )



Examples of addltlves

Q  ~= CoyCO) Q
% N\/% additive g ISI_N O
O T O
Entry [Co0,(CO)g] [mol%]  Additive (mol%) T [TC] pP(CO) [atm]  Yield [90]
1 7.5 none 60 1 86
2 10 none 70 1 63
3 5 P(OPh), (20) 120 3 94
4 3 DME (12) 120 7 84
5 10 CyNH, (20) 70 1 89
6 5 Bu,PS (30) 70 1 87
O
Coy(CO)s @ @
— + >
I G
Entry  cyclopentene Additive (eq) t, T['C] Yield [%0]
1 5.3 equiv none 7 h, 150-160 47
2 5.9 equiv nBu,P=0 (1) 36 h, 69 70
3 excess TMANO (6) 10 min, RT, ultrasound 97
4 2 equiv nBuSMe (5) 2 days, 35 75

Please consult Gibson’s 2003 and 2005 reviews on ACIE, links at the last page



S atom coordination

;5_/;&(\/\/
“ e support for Mechanism
oc co
bishomopropargylic sulfide complex M |Xed AI‘/N2 |\/|atrIX
NMO®H,0,
DCM, rt,25 d " ’ i A =_2gé”m ’
i : (CONCE—To(CO); = = (CONCE—"Co(CO),

= A =390 nm
S L0 3 +CO 4

Me Cn—l‘.‘.a
I \ ‘co
oc,d &g A = 254 nm A = 254 nm
A >400 nm -CO +N +N
- - - Ny, + CO 2 :

isolable pentacarbonyl complex

S'\
Me
o 5

bishomoallylic sulfide

Krafft and coworkers, J. Am. Chem. Soc. 1993, 115, 7199-7207 _doi:10.1021/ja00069a017
Gordon and coworkers, J. Organomet. Chem. 1998, 554, 147-154 doi:10.1016/s0022-
328x(97)00660-8



http://pubs.acs.org/doi/abs/10.1021/ja00069a017
http://www.sciencedirect.com/science/article/pii/S0022328X97006608
http://www.sciencedirect.com/science/article/pii/S0022328X97006608

MS Support for Mechanism

ESI collision-activated reaction (CAR) MS/MS
- CO dissociation occurs first

H Ph

OC.
Co Co 100
oC | CO
Ph,P-_ PPh,

m/z =716.0

_CO

oC Ql CO

Ph,P-_ PPh,
©

m/z = 809.0

Gimbert and coworkers, Org. Lett. 2003, 5, 4073-4075 doi:10.1021/0l1035503z
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' H Ph
[lgppm - H - COJ LbCoj < oS0
6589 | oc’| | co
PhoP<_ PPh,
C)
. ! Ea=12
MBacom- H - 2CO)
" 781.1 kcal/mol
©80.8 |
S09.0 | !
WW: - il—u:ur e
500 600 700 800


http://pubs.acs.org/doi/abs/10.1021/ol035503z

hexacarbonyl alkyne complex

Evans and coworkers, Angew. Chem.
Int. Ed. 2007, 46, 2907-2910 doi:
10.1002/anie.200605171

n 2-alkene

G\ bony!
= = pentacarbony
_f _
7 ﬁf\\‘? (Coz(CO)g] £ OH \ alkyne
<\ - d O complex
// OH THF, RT = “RAUCo(CO)5 ) P
Co (viewed down

PH 10: 73% (CO);

11: 15% 10 12 Co-Co bond)



Pauson-Khand Reaction Scope

Intermolecular

RL

R 0 0

N Coy(CO)y Rz

R2 R2 RL R1 RL
Rs Rs

Rs

O

@)
. PhMe o~ C6H13 Ph ﬁ/Ph
NN 95°C, 24h +
Z -l-co,(co)s é

49% (1:1) CeH1s

M. E. Krafft, J. Am. Chem. Soc. 1988, 110, 968 — 970 doi: 10.1021/ja00211a048



http://pubs.acs.org/doi/abs/10.1021/ja00211a048

Substrate-directed intermolecular
Pauson—Khand reaction Example 1

R 0 R i
(\/L']\/\/LZ N tOlueni . R\é/\/l_»] + L2
fll-copco)  399°7C ] ) )
2
2 equiv. L1
Entry L' L R t [h] Yield [%]
M. E. Krafft, C. A. Juliano, J. (ratio)
Org. Chem. 1992, 57, 5106 — 1 S NMe, Ph 6 85(15:1)
5115 doi: 10.1021/j000045a021 2 S SEt Ph 1.5 70 (8:1)
3 S SEt Bu 1.75 85(>40:1)
Example 2
P . NMe /
CoCO), L1 crgen0oc _r Mg, s,,
R—Rq |f © NMO (6 6q.) Ar
1.5 equiv
Entry RE t [h] Yield (d.r)
M. R. Rivero and coworkers, J. | nBu H 4 74 (93:7)
Am. Chem. Soc. 2003, 125 ; ?CHH ),OTIPS ﬂ ]; 22 839:?-2)
14992 — 14993 2 '
. : 4 CH, CH, 24 no reaction
doi: 10.1021/ja0384911 5 CH, CH, e 33 (92:8)

[a] TIPS =triisopropylsilyl. [b] Pressure =10 kbar.


http://pubs.acs.org/doi/abs/10.1021/jo00045a021?journalCode=joceah&quickLinkVolume=57&quickLinkPage=5106&volume=57
http://pubs.acs.org/doi/abs/10.1021/ja038491l?journalCode=jacsat&quickLinkVolume=125&quickLinkPage=14992&volume=125

Olefin influence

Strained Olefins Show High Pauson — Khand
ReactivityLower the LUMO energy

This ynamine complexes are

| |
~ 1.7 ~_ 7 .
/Clo\CF-;\l-.»“‘ /QO\C,,@'%,»\‘ extremely reactive toward
— = <« . . . .
H-'C\TZ) . H—CTT - strained olefin, while fail to
&;‘,Cf«,,{ O C{’@, react with cyclohexene.
S Olefin AH?, (Kcal/mol)
N ~ | H .
H C\%?éo (/30 T \’ Methylenecyclopropane -32.0
)4 - CO — N A Cyclobutene -31.3
H C%%%O CO‘\\ H Norbornadiene -32.5
4 f o Norbornene -27.8
R H o
)7—_/ 1) NMO/DCM/-35°C . R y Cyclopentene -21.7
(OC)3Co—Co(CO)s 2y /\ /DCMI-35°C
H H  Cyclohexene -21.6

CH-)-.C———H 03% Ph,Si———H 82%
(CH3)3 3 | Cyclopropene -47.3 .

HO
——H 50% ——H 45% _
<:> & 7 ’ M. A. Pericas and co-workers, Org.

HO Lett. 2001, 3, 3193 - 3196 doi:
—5—="H 5% CoHig—=—H  62% 10.1021/01016505r



http://pubs.acs.org/doi/abs/10.1021/ol016505r
http://pubs.acs.org/doi/abs/10.1021/ol016505r

Way to overcome the problem

)

@ Coy(CO)s n-BuSMe (5 eq.) %
+ 1 > n-Bu
= n-Bu 35°C

68%

Co5(CO)s n-BuSMe (4 eq.)
1 > n-Bu
* Ph——=—= 83 °C, 90 min

85%

Although it has proven possible to improve reactivity by
changing reaction conditions, the relative rates of
reactions of different alkenes are always maintained.

T. Sugihara and co-workers, Synlett., 1999, 771 — 773 doi: 10.1055/s-1999-2745



https://www.thieme-connect.com/ejournals/abstract/synlett/doi/10.1055/s-1999-2745

The reaction of exocycllc alkenes

L oo, 22 S
-‘ ’_COZ(CO)6 50°C, 2h

yield 77% (5:1)

W. A. Smit and co-workers, Tetrahedron Lett.
1989, 30, 4021 — 4024, doi:10.1016/S0040-
4039(00)99313-4

0 0
R R R
‘ NMO (6 eq) +
ll-coxcon, DCM.RT 24h>
RT, R= Ph yield 56% (100:0)

R=TMS yield 67% (82:18)

EtO,C EtO,C., CO,Et
R <
EtOZC\A s | NMO (6 eq) _ o + + 0
e |llFco)co)s DCMRT, 24h
R R
B.Motherwell and co-workers, Synlett ,1996, 10, R=Ph vyield 13% 32% 9%

990 - 992 doi: 10.1055/s-1996-5645 R=TMS yield 17% 31% 3%



https://www.thieme-connect.com/ejournals/abstract/synlett/doi/10.1055/s-1996-5645
http://dx.doi.org/10.1016/S0040-4039(00)99313-4
http://dx.doi.org/10.1016/S0040-4039(00)99313-4

PKR of dienes
R__R
@ & React with Cobalt complexes well

\/\+::—Ph—>Ph////Ph
COz(CO)G
2 eqiv

Pauson, P.L.; Khand, I.U. Ann. N.Y. Acad. Sci. 1977, 295, 2-14.
doi: 10.1111/5.1749-6632.1977.tb41819.x

I. U. Khand, P. L. Pauson, M. Habib, J. Chem. Res. Miniprint, 1978, 4418 — 4433

Ph ield 65%
PhMe @ yield 65%
+ > -+Ph| —— | regiochemistry
© —m—Coz(CO)6 95°C, 24h [ thph not assigned

I. U. Khand, P. L. Pauson, M. Habib, J. Chem. Res. Miniprint, 1978, 4401 — 4417



http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1977.tb41819.x/abstract

Mechanism Insight

MeO
[RhCI(CO),],»
H . ji (5 mol%)
DCE (0,5 M)
CO (1 atm)
MeO
at 60 °C >99%
at 80 °C 11% 42% 29%
R 0
R [RhCI(CO),],
2 ) R
‘ ‘ s (5 mol%) _ R 2
R, DCE (0,5 M) R, it
60°C,CO (1 atm) 2
R;
Entry RE! R' P R? t Yield [%]
1 OMe OMe Me 6 98
2 OTBS OTBS Me 6 87
3 OMe OBn Me 9 81

[a] TBS =tert-butyldimethylsilyl. [b] Bn=benzyl.

P. A. Wender and co-workers, Angew. Chem. Int. Ed. 2004, 43, 3076 —-3079
doi: 10.1002/anie.200454117



http://onlinelibrary.wiley.com/doi/10.1002/anie.200454117/abstract

PKR of Styrene type olefin

" PhM i
' = Ph Ph NN Ph
_m_COQ(CO)G reflux, 6h \&/ + Ph/\/\/
2.5¢eq 12% 39%

I. U. Khand, P. L. Pauson, J. Chem. Res. Miniprint 1977, 168 — 187

Ph
i Ph o ‘
) foo 5 "0 (§

4%

2 € 52%
|. U. Khand, P. L. Pauson, M. Habib, J. Chem. Res. Miniprint, 1978, 4418 — 4433

An explanation may be found in the polarization of the
LUMO of the double bond by the arene ring which may induce
the formation of the first C-C bond at the remote carbon atom of
the alkene



EWG on ole_fin ano! Its Influence

C0,(CO)g Co(CO); H
2 yo_L L N/ _H L AU EWG
=We - R H Co(CO)s migration R
] EWG i
COinseriion  1ydrogen migration (through b-
M. Ahmar. F. Antras. B. Cazes hydride elimination) prevails
Tetrahedron Lett. 1999, 40, 5503 — over CO Insertion in the
5506  doi:10.1016/S0040- O intermolecular Pauson-Khand
4039(99)01069-2 R\&/EWG reaction of electron-poor alkenes.
NMO (6 eq) Q
Gox(CO)s ~ EWG  pomiTHE R EWG
R—=F"R: | 0-20°C
2 equiv overnight R;
Entry R R, EWG Yield [%0]
1 CH;, CH;, CO,Me 59
2 CH, CH, SO,Ph 71
3 C,H, H CO,Me 47
4 Ph H CO,Me 41



http://dx.doi.org/10.1016/S0040-4039(99)01069-2
http://dx.doi.org/10.1016/S0040-4039(99)01069-2

The reaction of allene

[Fe((CO)4(_N)Me3)]
Ph ., — 1 equiv
=—Ph

—— hv, THF, RT,1h
3.3 equiv

H
54% 12%
T. Shibata, Y. Koga, K. Narasaka, Bull. Chem. Soc. Jpn. 1995 68, 911 — 919
doi:10.1246/bcsj.68.911
R3

R1\©[R2 o \©[
+ -
N |eeacor MeCN &Ey \@NHPG

PG R4
R1 OMe,F, H R3= p-t0|y|, Bu, Et ,Pr, 25-85% 5-10%
Ro=H, CH=CH, CH,OH, CH,OTBS
PG=Ac, Ts R,=H, Et, TMS

F.Antras,M. Ahmar, B. Cazes, Tetrahedron Lett. 2001, 42, 8157 — 8160
doi:10.1016/S0040-4039(01)01750-6

| R, NMO (6 eq) L. Aforbe, A.
R—=="R; + —( DEMITHF Poblador, G.
Co,(CO)e R3 7820 Dominguez, J.

Pérez-Castells,
Tetrahedron Lett.

Entry R R, R, Rs Yield [%0] 2004, 45, 4441
A B 1 ]
4444
1 CH;  CH,  OtBu H 30 doi:10.1016/j.tetlet.2

2 CH, CH, CO,Me H 33 14 004.04 061



http://www.jstage.jst.go.jp/article/bcsj/68/3/68_911/_article
http://dx.doi.org/10.1016/S0040-4039(01)01750-6
http://dx.doi.org/10.1016/j.tetlet.2004.04.061
http://dx.doi.org/10.1016/j.tetlet.2004.04.061

Intramolecular PKR

Co
— ///\\ g 3 2 :
| - G’\/CO 3,4-substitution _ @ observed with 1,6-
 — O
1 and 1,7-enynes
4 5
Co
= l 2 5_substituti observed more with
| — o ,0-supstitution _ Ii>:o longer tehters
(1,10- and1,11-enynes)
Co
= = = 2 5-substitution
 — Co > O not observed

/ V4
7
7

Co
Cj . @CO 3,5-substitution _ C?o ot observed



Catalytic and Intramolecular Pauson-
s Khand Examples

amolecular =
C0,(CO)g, 1t CO)GCOZ co o bicyclo[4.3.0]
trlmethylpentane 95°C. 4d nonenone

40%
— Co0,(CO)g, CO .
= chh |)8 v Oi>:o bicyclo[3.3.0] first direct synthesis from
rimethyipentane octenone readily available substrates
95°C, 4d
N 31%

First Catalytic

— 3 mol% Co0,(CO)g,
BO,C 10 mol% P(OPh), Et02C><ji>:O
EtO,C X 3 atm CO, DME EtO,C

120°C, 24 82%
EtO,C
@)
WX =0 Et02°’><jf} T )=o  Eoc
EtO,C 0~ Ph
77% 90% 94%, 81%

Schore, N. E.; Croudace, M. C. J. Org. Chem. 1981, 46, 5436-5438 doi: 10.1021/j000339a046
Jeong and coworkers, J. Am. Chem. Soc. 1994, 116, 3159-3160 doi: 10.1021/ja00098a042



http://pubs.acs.org/doi/abs/10.1021/jo00339a046
http://pubs.acs.org/doi/abs/10.1021/ja00086a070

T1 serves as catalyst

=
EtO,C catalyst EtO,C
> O
EtO,C T EtO,C

Entry

10l
2[b]

Catalyst (mol %) R,;SICN (equiv) p(CO) [atm] Yield [%]

[Cp,Ti(PMe;),] (10)  ELSiCN (1.3) - 71
[Cp,Ti(CO),] (5) - 1.22 91

[a] Ar, benzene, 45°C, 16-24 h, then CuSO, (sat. ag.), room temperature,

3-5 h.

[b] Toluene, 950°C, 12—48 h.

S. C. Berk, R. B. Grossman, S. L. Buchwald, J. Am. Chem. Soc. 1994, 116, 8593

doi: 10.1021/ja00098a020

F. A. Hicks, N. M. Kablaoui, S. L. Buchwald, J. Am. Chem. Soc. 1999, 121, 5881
doi: 10.1021/ja990682u



http://pubs.acs.org/doi/abs/10.1021/ja00098a020
http://pubs.acs.org/doi/abs/10.1021/ja00098a020
http://pubs.acs.org/doi/abs/10.1021/ja00098a020
http://pubs.acs.org/doi/abs/10.1021/ja00098a020

ZI Serves as catalyst

CpZZrCIz + 2n-BuLi

——TMS
szzr CcO
0 > ZGC2

AN -78°C to RT

90-100% 55-65%
E.l. Negishi, S. J. Holmes, J. M. Tour, J. A. Miller, J. Am. Chem. Soc. 1985, 107, 2568 — 2569

doi: 10.1021/ja00294a071
Ru serves as catalyst

R
/— R Ru3(CO), (2 mol%)
Z » [/ @)
R dioxane, 160°C, CO (10 atm)
S or DMAC, 140°C, CO(15 atm) 57-95%

R= Ar, Alkyl, TMS
Z= C(CO,Et),, O, NTs

T. Kondo, N. Suzuki, T. Okada, T. Mitsudo, J. Am. Chem. Soc. 1997, 119, 6187 — 6188
doi: 10.1021/ja970793y

Mechanism of Ru catalyzed PKR, please click this: Yun-dong Wu and co-workers,
Organometallics, 2008, 27, 6152-6162



http://pubs.acs.org/doi/abs/10.1021/ja00294a071
http://pubs.acs.org/doi/abs/10.1021/ja970793y
http://dx.doi.org/10.1021/om8004178

Rh serves as catalyst

Et

—R
/ RhCI(CO
. [ ( )2]2> Ziji&: O
\T BUQO
X

57-95%
Z=C(COzEt),  Rh cat. (1 mol%), CO (1atm), 130°C: 90%
Rh cat. (5 mol%), CO (0.1atm), 60°C: 91%

T. Kobayashi, Y. Koga, K. Narasaka, J. Organomet. Chem. 2001,, 624 73 — 87
doi:10.1016/S0022-328X(00)00835-4

N. Jeong, S. Lee, B. K. Sung, Organometallics, 1998, 17, 3642 — 3644
doi: 10.1021/0m980410k



http://dx.doi.org/10.1016/S0022-328X(00)00835-4
http://pubs.acs.org/doi/abs/10.1021/om980410k

Pd serves as catalyst

R )/ Lpdz‘i\f AN v % ‘

T-ts

L. I P
cl’ R% cu’Fd\/\x”“‘\’f' cl

Zhen Yang and co-workers, J. Org. Chem. 2009, 74, 5049-5058
doi:10.1021/j0900919v



http://dx.doi.org/10.1021/jo900919v

Intramolecular PKR with allenes

R

Z

/ :”:/.,, R
/ — R / =
\—\ product A

Two pathways product B

A: reaction of an external = -bond

B: reaction of an internal m -bond



The reaction of an external
T -bond --product A

)a(NMe3) K. Narasaka, T. Shibata, Chem.
On - Lett. 1994, 315 — 318
THF, RT d0i:10.1246/cl.1994.315

MeS n =1-3 photo-irradiation  peS 47-60%

E
[RhCI(CO),], K. M. Brummond and co-
(2.5 mol%) O workers, Org. Lett. 2002, 4, 1931
PhO,S toluene, reflux - 1934
CO (1 atm) SO,Ph doi: 10.1021/01025955w
R =Ph, H
E = CO,Me 70-84%

R20 RO R
— R, Mo(CO)g, DMSO 2 1
Me (10 mol%) (3.5 eqiv)  Me A. K. Gupta and co-workers,
Me > O Tetrahedron Lett. 2005, 46, 4171
toluene, 50-60°C Me 4174
R1=Ph, n-Bu, CO,Et, H  CO (1 atm) 3 -
R,= TBS, H 29-91% doi:10.1016/j.tetlet.2005.04.071



http://www.jstage.jst.go.jp/article/cl/23/2/23_315/_article
http://pubs.acs.org/doi/abs/10.1021/ol025955w
http://dx.doi.org/10.1016/j.tetlet.2005.04.071

The reaction of an internal
m -pond --product B

——TMS  Mo(COQO)s , DMSO
(1.2 equiv) (10 eqiv)

toluene, 100°C

TMS

> O

68%
K. M. Brummond and co-workers, Tetrahedron Lett. 1995, 36, 2407 — 2410
doi:10.1016/0040-4039(95)00315-4

R
———R IrCI(CO)(PPh3),
(o)
7 (5 mol%) _ 7 0O
(R xylene, 120°C n
n=1,2 CO (0.2 atm)
R =Ar, Me, SiMe,Ph 52 - 91%

Z = C(CO,Et),, O, NTs

T. Shibata and co-workers, Synlett, 2003, 573 — 575
doi: 10.1055/s-2003-37532



http://dx.doi.org/10.1016/0040-4039(95)00315-4
https://www.thieme-connect.com/ejournals/abstract/synlett/doi/10.1055/s-2003-37532

Reaction of dienes

L Me Me Me
Z/T'VIe RhCI(CO)(PPhs), l S: §O
(1-5 mol%) _ 7 + 7 o+
\_\\_/< solvent (0.1 M) i-Pr
i-Pr CO (1 atm) i-Pr i-Pr
Z=C(CO,Me), THF, 40°C: 45% 25% 18%
DCE, RT 7% 88%

P. A. Wender and co-workers, Angew. Chem. Int. Ed. 2003, 42, 1853 — 1857
doi: 10.1002/anie.200350949

RhCI(CO),]»
(5 mol%)
TsN dce (0.1 M)
CO (1 atm)
M
at RT, 7h: 99% 0

at 80°C, 1h 43% 52%

P. A. Wender and co-workers, Angew. Chem. Int. Ed. 2006, 45, 2459 — 2462
doi: 10.1002/anie.200600300



http://onlinelibrary.wiley.com/doi/10.1002/anie.200350949/abstract
http://onlinelibrary.wiley.com/doi/10.1002/anie.200600300/abstract

Other carbonyl sources

Aldehydes serve as @ -

CO source /T i
Z\ Rh cat. i’
\

— [RhCl(cod)], + 2 DPPP A . . .
Z/—— (5 mol %) _ z/\j[;:o T. Morimoto, K. Fuji, K. Tsutsumi, K.
\“\ xylene, 130 °C Kakiuchi, J. Am. Chem. Soc. 2002, 124, 3806
R = Ph, Alkyl, H . L0 74 9Tk — 3807

Z = C(CO,Et);, O, NTs " (2 equivs.) doi: 10.1021/ja0126881

— Rh(dppp).Cl i ) :
/- — (5 mol %) T. Shibata, N. Toshida, K. Takag,
z No solvent, 120 °C . 2 O Org. Lett. 2002, 4, 1619 — 1621
doi: 10.1021/0l0258364g
\ - 00 =
o X CHO 56 - 98% _
Asymmetric BINAP as Ligand, Z=0

version also yield 89%
Possible ! ee 82%

R = Ph, Me
Z = C(COEt),, CHp, O, NTs (1.2 - 20 equivs.)


http://pubs.acs.org/doi/abs/10.1021/ja0126881
http://pubs.acs.org/doi/abs/10.1021/ol025836g

Alcohol

serve as CO source

ﬂ&hv:rl'gg:sﬂaﬂﬁﬂ" d“?&“gﬁ':ﬁ"" “’:ﬁ;;{':f“ Table 1: Catalytic Pauson-Khand-type reaction of 1a with ethanol.”
HH ______________________ 0 oh catalyst Ph
! cat1 ! catlor2 ! i cat. 2 or 3 [ 0
ER oH ~H R'JLH -RH EM_ ‘ +enyne 33:0- TsN EtOH (10 Equw TSNib:U . TSNaiL/H
NS SRS S S S \ toluene, 18h H
fhis workf using one catalyst > 12 1o 1

Entry  Catalyst mol% T[°C] 1b[%® 1c[%)"
It should be noted that the CO ! HRhiCOCi(dppptd & 120 61 3

2 [{Rh(CO)Cl(dppp)}s] & 70 66 33
actually comes from the 3 [{Rh(CO)CI(dppp)}] 8 20 @) 2

. . 4 [Rh(CO)Cl{dppe)] 16 70 trace trace
acetaldehyde which Is generated 5 [{Rh(CO)Cl(dppb)}] 8 70 18(65)9 16
- - 6 Rh(d ,Cl 16 70 24(32)9 34
from the oxidation of ethanol 5  [Riceors) 5 0 )
/binap (16)
8 [{Rh(cod)Cl},] 8 70 48 49
: /dppp (16)"

Park, Ji Hoon, Cho, Yoonhee, Chung, 9 [RhCI(PPh,),] 16 70 n.r.
Young Keun. Angew. Chem. Int. Ed. 2010, '%° I%RE'{CWC:[SPPP}{JJ & 0 nr

1 [{Rh(CO)Cl(dppp)}s] 4 70 58 37
49, 5138 -5141 12 [{Rh(CO)Cl(dppp)},] 2 70 41 53

doi:10.1002/anie.201001246



http://dx.doi.org/10.1002/anie.201001246

Asymmetric PKR

Chirality transfer from substrate

link

Chiral auxiliaries

Chiral promoters

Metals include (o,

Chiral metal complexes

kh, Ti, Mo,

Ir etc.



Asymmetric Catalytic Cycle

coO

| *p
metallacyclohexenone OC_'TI““p>
chiral &

catalyst

reductive P

ﬁp /’/ﬁn—ﬁc u )
Mo

carbon - /— R
monoxide CO X o complexation X

. : " enyne
co insertion bicyclic ﬁ\
cyclopentenone
xjmig* oxidative x\_\ jq.i{: P
. \ addition P
cl N g \+\\C?
metallacyclpentene catalyst/enyne -CO —==R
complex X "prq\P
— )
N \(l'_‘,| co

CO pressure-dependence
-reaction rate decreases with increased CO pressure
-enantioselectivity decreases with increased CO pressure




Substrate-Directed Stereocontrol

. ™
chair gz |
conformer

H‘I

:_\,.—_ R
=] 2
)\}f'&r

chair R2
conformer

favored
olefin rotamer

/

disfavored
olefin ruta mer

R‘ﬁ; p

_Co2(COY

Ri-{:é-:n

R isomer

H
(Do
R’ R

S isomer




Reagent-Directed Stereocontrol

((S)-BINAP)Co;C0g

i
Ph Ph CO
i@\l /€0
P- c{:.—cn
% —P—Co—CO
N oo
# ph Ph gg

((R}-BINAP)C0,C0;

OpeniClosed
Quadranis

Yy Ph™ " coligands
not shown

R
a— =
X | -0 :-:M+_
: H
R isomer 5 isomer
\ f i
/ / Open/Closed
N | Quadrants
R
Ph Ph
g _ I!F /l\ CO ligands
— l,;" not shown
|‘\ Y _P_.GQ’—;;‘L-——j
N
s~ ph Ph ™ 'y



Commonly used Chiral ligands

— H COz(CO)g + (S)-BlNAP H

S (0mol%) f
\T tolune, 80 °C Z O
N CO (1 atm)

/= C(C02 Et)z, NTs

K. Hiroi and co-workers, Tetrahedron Lett. 2000, 41, 891 — 895
doi:10.1016/S0040-4039(99)02141-3

_ ()

/——Ph Co,(CO)g + chiral phosphite \ -)
Z\T (6 mol%) m 20
AN tolune, 95 °C ‘ —0 o _—

CO (1 atm) f\@’ {C
/= C(COzEt)Z Q

S.J. Sturla, S. L. Buchwald, J. Org. Chem. 2002, 67, 3398 — 3403
doi: 10.1021/j0016038r



http://dx.doi.org/10.1016/S0040-4039(99)02141-3
http://pubs.acs.org/doi/abs/10.1021/jo016038r

The mechanism based design of
Chiral cobalt catalyst ligands

Semi-Labile Ligands

in Dicobalt Hexacarbonyl Complexes
substitution:ﬁ;\ x / \ /
Inert group /x i L M/x’\ 0OC OC—
substitutionally "\ _7 " \Z Y H‘CO CO CO)s OC"" C H“CO
labile group Y .
~__"" (Z = ligand or solvent) \j
Chelated D=N,S Bridged
Q?( 85:15 dr
% ;;, O
OC Co Co &ll\l Ph H
!y
N= -P~_ /X)\ _co
CO H ‘gt Ph /

major (x-ray) (x-ray)
\ Added into reaction /




Pseudoenantiomeric complexes

R H

pro-R \C?éo/ pro-S
cobalt Y cobalt

R H R H O
OC\ ?7( /PPhQR* OC ;"\7{ PPhQR* 2R R
0L L0 ol /
COCO .—" COC
. R__H O
RPhQP 7’\7{/00 *RPhQP\ CO
COCO COCO
" 10 eq.
oc. ﬁ,co * @ NMO % ) ('j\ @
OC—CO‘\—Co-CO
%,, CH»CI», 30 °C, N5, 48 h
TMS H 22 2 PPh2
major 93% yleld 97% ee

Ligand Example

* O
oc, Q,co 10 eq @ NMO % HI j Pericas et al. Pure Appl. Chem. 2002,
> TMS

OC-Co—Co-CO
:\JZ(,‘D CH,Cly, 30 °C, No, 48 h 741 167-174
T™S H ¢ H doi:10.1351/pac200274010167

minor 93% vyield, 97% ee



http://www.iupac.org/publications/pac/74/1/0167/

Enantioselective Rh catalysts

—— R 3 mal% [RhCCO):E, 6 mol% (SHBINAP

X o
\—\\ 12 mol% AgOTY, CO, THF, reflux —
H

- [ d x %
. ,,'> favored \;:P..,_ Pl % L P _disfavored /\]/\5:
g T O g

f ‘?
2atmCO 2 atm CO 1atm CO
1atm co a 1 atm CO
20h, %‘1/ Yleld 5h, 78% yield 20 h, 85% Y'dd 5h, 88% yleld 3 h, 80% yleﬂ
62% ee 12%ee  Ph 86% ee 81% ee 84% ee

e D Ape e -

Nakcheol Jeong and coworkers, J. Am. Chem. Soc. 2000, 122, 6771-6772
doi:10.1021/ja0007049

[Rh(CO),Cll, (5 mol %)

L* (10 mol %) R |

——— R AgOTf {1 2 mol %}I

x - X 'D

v Ar:CO (10 : 1, 1 atm) _

THF, 18-20 °C H
- ' up to 99% yield
X =0, Ts-N, (EtO,C),C P 99% ge Ar: 3.5-diMeCqHs

Nakcheol Jeong and co-workers, J. Org. Chem. 2008, 73, 7985-7989
doi:10.1021/j0801236¢



http://dx.doi.org/10.1021/jo801236c
http://pubs.acs.org/doi/abs/10.1021/ja0007049

Asymmetric Titanium Catalysts
R

——R
W (S,S)EBTHITI(CO), _
\T\ 1 atm CO, Toluene X O
12 h, 90°C

favored ol =~ _H Cé disfavored /\:6:
X (9] R ~Ti
qfﬁ: § I T (S.SYEBTHITI(CO), ‘@/ X_1_~©
H X EBTHI = ethylene H

bis(tetrahydroindenyl)
- 5 mol % Ti
20 mol % Ti 7.5 mol % Ti - 20 mol % Ti 10 mol % Ti
85% yield 92% yield oy el 90% yield 84% yield
06% Ph 94% ee Ph n-Pr 72% ee Me 74% ee Me

ee
EtO,C EtO,C (t-Bu)O.C
© % ko, EtO,C (t-Bu)0,C 0
H

Buchwald and coworkers, J. Am. Chem. Soc. 1996, 118, 9450-9451.
Doi: 10.1021/ja9621509

Buchwald and coworkers, J. Am. Chem. Soc. 1996, 118, 11688-11689
doi: 10.1021/ja9630452



http://pubs.acs.org/doi/abs/10.1021/ja9621509
http://pubs.acs.org/doi/abs/10.1021/ja9630452

Asymmetrlc Iridium Catalysts

—— R 10 mol% [Ir(cod)Cl], R
X 20 mol% (S)-(4- tonI)BINAP>
R\ CO, Toluene, Reflux X O

O‘ Tol Tol R Tol Tol R
R R
:é favored P\ disfavored :6:
X 0o — Ir——CI P — X o
r _.‘pl-‘H x -
H

ol ) H
TolToI T°' ot ).

OMe 20h 24 h 36 h 24 h

20h 20 0 54% vield . ; :
s () o, e U g
96% ee 98% ee Me - Q > ee
o o Me TsN:b: ><:®: ﬁ:
oo L
H i o H
H

Shibata, T.; Takagi, K. J. Am. Chem. Soc. 2000, 122, 9852-9853
doi: 10.1021/ja000899k



http://pubs.acs.org/doi/abs/10.1021/ja000899k

Total Synthesis of (==)-Asteriscanolide

0
H
H
0
Asteriscanolde 1 2 IJ 3
R
CR H OR
\ll :—:CDE{CO}E{':::._—._ T
L o or
0~ QEt O o

Intermolecular PKR!

Krafft, M.E. and co-workers, J. Org. Chem. 2001, 66, 7443-7448
doi: 10.1021/j0010623a



http://pubs.acs.org/doi/abs/10.1021/jo010623a

Synthesis of Prostaglandin and Phytoprostane B,

COOM PKR o

e

@;}h\ = & - I+ |h
OTBS

H
PPBi-ln=7,m=1

PGBy n=6,m=4

Antoni Riera and co-workers, Org. Lett., 2009, 11, 3104-3107
doi: 10.1021/01901213d

Qi

Scheme 1. Pauson—Khand Syntheses of the Cyclopentenones 6a

Table 1. Pauson—Khand Synthesis of the Cyclopentenone 4 and 6b

Using Ethylene or Equivalent Compounds 0
1) Co,(CO)g
COQ CO;Me
TBSO n
2) C,Hy 6 bar, NMO
OTBS

0]
TBSO/\/ 1) Coz(COs CH,Cly, 4 AMS, 1t
2) table 1 Sa n ?' 69% 6a n=7

Y

3 4 OTBS 70% 6b n=6
0
reagent conditions Yield (J,’u\i\ HFPyr | é(ﬁ (COCI);, DMSO
THF, 0°C Et;N, CH.CL
CH,=CH,, 7.5 bar toluene, 90 °C 25% uTES OH
CH,=CH-OBz CH,Cl,, NMO, rt 19% 4 R=CH, quant ! Tt
6a R = (CH;);COOMe  94% Ba 92%
CH,=CH-0Ac CH,Cly, NMO, rt 22% 6b R = (CH,COOMe 98% 8b 0%
CH,=CH,, 6 bar Tol/MeOH, NMO, rt 46%
CH2=CH2, 6 bar CHQC]Q, NMO, rt 549 I} Phy |+:p-"'“x.,-fﬂ a
CH,=CH,, 6 bar CH,Cl,, 4 A MS, NMO, rt 67% éﬁ . P R
LIHMDS, THF = R
ref 11b éH


http://dx.doi.org/10.1021/ol901213d

The total synthesis of (x)- a
Agarofuran &

X CO

cat. [Rh(CO),CIl,
MeO,C
A~ b = MeO,C —
= COsEt - - MeO,C M — Me i
o a MgBr |><: 2 b. DIBAL-H DC e0,C 99 AT e. LiCl, DMF
= CuCN — ¢ Iy, PPhy _ NaH = (88%)
19 BF3*OEt, 20 imidazole 21 (69%) 23
(66%) (73%, 2 steps)
Me
MeO,C = Me ¢ co, [Rh(COXCIL Meozc\oi/ro g. CeCls, NaBH, M902C~ij h. MeMgBr %
— [(3+2)+1] cycloaddition B (97%) (96%)
(86%, dr 15:1) “\‘
(£)-24 xyzs ()- 27
_ o e . Me
i. TsOH j. CyzBH, then k DMP MeOzc\@@—co
(71%) : H,0,-NaOH I. CIRh(PPhs); -:-"'
~ (85%) \/OH (73%, 2 steps) s C
(£)-28 (£)-29 (£)o- agarofuran (30)

“ DIBAL-H = diisobutylaluminum hydride, DMF = dimethylformamide, DMP = Dess—Martin periodinane.

Zhi-Xiang Yu and coworkers, Org. Lett. 2010, 12, 2528-2531
doi:10.1021/01100625¢e



http://dx.doi.org/10.1021/ol100625e

The total synthesis of (= )-Schindilactone A

Pauson-Khand

RCM
reaction -feaction
Dieckmann-type \
condensation «)LO
HO
@)

Me H

Carbonylative
annulation

schindilactone A (1)

Coupling reaction

Zhen Yang and co-workers,
Angew. Chem. Int. Ed. 2011, 50,
7373 =7377
doi:10.1002/anie.201103088

b) [Co,(CO),] (0.5 equiv),
TMTU (3.0 equiv), PhH,
70°C, 4 h (74%).

tetramethylthiourea


http://dx.doi.org/10.1002/anie.201103088
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