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M = Ti, Ru, Co, Rh, Ni-Cr,

Pd and Pt
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Asymmetric Pd-Catalyzed Cycloisomerization

First example by Trost

B/~ —  [Pdidba)]-CHCl; E H,CO0C

h - (2)

E PhsP,RCO.H E H,COOC” X
3 CeHg, RT 4 5

E = CO,Me

Generation of the active catalvtic species

L,Pd” + RCO:H—  Ly(HJPdO,CR

S-(-)-binaphthoic acid 61 % 33% ee, 3: 1 ( 4: 5)

Trost, B. M., Lee, D. C., Rise, F. Tetrahedron Lett. 1989, 30, 651.



More efficient bidental ligands

Me
o P Ar;-F"-J..'
== [Pda(dba);] - CHCI; (4.5 mol% : \
PASO,N E } ZPd=OAc [P Foira)
S trap (8.2 mal%) PhS0O-N F R P v P
TSR A (27 squin) TN J~par
7 CoHs, RT " Me T

(5, 5-(R R)-trap

carbopalladation

f-hydride

elimination (H,)
8a
R = CH.5iMe;, 95% ee (8a:8b, 3.5:1)
Ar= ,D—CF;CE_H.:.

Substrate sensitive: R=aryl, alkyl, low ee

E-olefin, R-product; Z-olefin, S-Product
Chiralphos, diop gave poor selectivities (6-15%ee)
Binap, no conversion at 80°C

lto, Y., Goeke, A., Sawamura, M. Kuwano, R. Angew. Chem. Int. Ed. 1996, 35, 662.



Improvements for Pd-BINAP system

CO:xMe
| | Pd" (5 mol¥a)
= chiral phosphane ligand
-
5 80 - 100 °C
]
Entry Pdspecies (mol %) Solvent Reaction Yield ee [%|™
time | h| [% | (Config.)
1 Pd(OAC); (5) CDs T2 68 11(S)
2l [Pdy(dba)y]- CHCL, (2.5)/AcOH (12) CD. 96 18 77 (S)
3 [Pdy(dba)y|- CHCL, (2.5)/TFA (12) CD. 96 25 84(5)
4 Pd{OCOCE;)z (3) CalDg 24 =09 93 (§)
Sledl Pd{OCOCE;)z (3) CalDg 80 =09 94 (§)
6l PA(OCOCE;), (5) DMSO 16 =00 72 (5)
7l [(MeCN),Pd|(BF,), (5) DMSO 6 =00 73 (5)

[a] Reactions were carried out in thoroughly degassed solvents at 100 °C with 5 mol% of
Pd catalyst and 10 mol% of (K)-BINAP as a chiral ligand unless otherwise noted.

[b] The ee value was based on chiral GC analysis of 2. [¢]| Reactions were carried out at
S0°C. [d] 35 mol% of (R)-BINAP was used.

Mikami, K., Terada, M., Hatano, M. Angew. Chem. Int. Ed. 2001, 40, 249



Table 2. Ene-type carbocyclization of 1 catalyzed by Pd{OCOCCE;),/CD, or
[ (MeCN)Pd](BF )2/ DMSO with modified BINAP ligands.

99 I <X
PAr PAra O PAra
PAI‘E F.Iﬂ.rz <{:| G FAI"E
E ‘ . g 0

(R)-BINAP (Ar=Ph)  (S)-Hz-BINAP [Ar = Ph}  (F)-SEGPHOS (Ar = Ph)

A-pMeCHy) (- BeneCaty (A~ 35 Mexcath)
Entry System®! Ligand Reaction Yield ee|%]
time [h] [%] (Config.)
1 PA(OCOCF;)y/Cs g (R)-tol-BINAP 43 =99 94 (5)
2 Pd{OCOCEF;),/C Dy (S)-Hg-BINAP 48 =99 95 (R)
3 Pd{OCOCEF;),/C Dy (S)xylyl-He-BINAP 20 =99 12 (R)
4 Pd{OCOCEF;),/C Dy (R)-SEGPHOS 37 =99 =99(5)
5 [(MeCN),Pd|(BF ),/ DMSO (R)-SEGPHOS 6 =99 90 (5)
6 [(MeCN),Pd|(BF,),/DMSO  (5)xylyl-H-BINAP 12 =99 94 (R)
7 [(MeCN)Pd|(BF,),/DMSO (5)xylyl-SEGPHOS 14 =99 96 (R)

[a] Reactions were carried out with 5 mol % of Pd catalyst and 10 mol% of chiral ligand
in thoroughly degassed solvents at 100°C in the Pd{OCOCE,)./C,1, system or at 80 °C in
the [ (MeCN),Pd|( BE, )/ DMSO system.

Mikami, K., Terada, M., Hatano, M. Angew. Chem. Int. Ed. 2001, 40, 249



Solvent and Ligand Effects

- _
(’f IIﬂ--F‘r X g\

Pd" 3 Pd” )
¢’ T “p

B-4C B-5C

polar condition: four-coordination

4C-1 4C-2
favored disfavored
i l 5C-1 5C-2
Mel.C A ” ||~ 5 COMe favored disfavored
hs H l !
o o ()2 (R-2
(5)-2 (R)-2

Mikami, K., Terada, M., Hatano, M. Angew. Chem. Int. Ed. 2001, 40, 249



Rh-Catalyzed Enyne Cycloisomerization

Ph

——Fh

/ 10 mol% [{Rhiligand)Cl}z] P
- G 1l H
AN AgsbFg '
CICH2CH=CI, AT, 12 h

1a 2a

Entry Ligand Conversion [% P!
1 Me-DuPhos 10K a5
2 Et-DuPhos <5 63
3 BICP 1K) T4
4 Me-PennPhos 10x) 71
5 BINAP 0
6 Et-BPE <3 5
Ph
———Fh
O
_ O
o
? (>20%cat.) X
3

erfm

ii

1M, H]- Me-duphos

T H
' H
Ph,P PPh,

(AR R R)-bicp

-_— —_

Ph.PC  OPPh,
(R.R,R.R)-bicpo

L'_‘>ﬂ.§j

Zhang, X., Cao, P. Angew. Chem. Int. Ed. 2000, 39, 4104.



Ca [mol % | Yield [%]

H1

A
1.

2

=Y
x.f'"‘“-w’%f"f’f 5-10 mol% {Rh{diphos)Cliz]
\/‘%‘\l 5 AgsbFg, CICHCH2CI, RT
] R
Entry X R R* Ligand
1 ) Ph Me ( R.R)-Me-DuPhos 3
2 (R.R.R.R)-BICP 5
3 (R.R.R.R)-BICPO 10
4 0O “sHyip-Me) Me (R.R)-Me-DuPhos 10
3 (R.R.R.R)-BICP 10
6 0O SaHyip-Cl) Me ( R.R)-Me-DuPhos 3
7 (R.R.R.R)-BICP 10
8 0 CegH,(m-Cl) Me ( R.R)-Me-DuPhos 10
9 (R.R.R.R)-BICP 10
10 0O “aHyip-CFs) Me ( R.R)-Me-DuPhos 3
11 (R.R.R.R)-BICP 10
12 ) cyclopentyl Me ( K.R)-Me-DuPhos 10
13 (R.R.R.R)-BICP* 5
14 0O sHg Me ( R.R)-Me-DuPhos 10
15 (R.R.R.R)-BICP 5
16 PhSO.N Me Me (R.R.R.R)-BICPO 3
17 PhSO,N Et Me (R.R.RR)-BICPO 3
18 PhSON Me Et (R.R.ARR)-BICPO 3

Zhang, X., Cao, P. Angew. Chem. Int. Ed. 2000, 39, 4104.
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95 (=)
98 (-)
82 (-)
80 (-)
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Mechanism for Ru-cat Enantioselective Enyne Cycloisomerization

R
1 2 2
R ﬂ*,_ ﬁILH Iy | | ;:FHHHH
' p T
T i - " |
-:':- |I .-"-F F.'\. _,.F - Fﬁ
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" j1 AN 2
Lo R? hendihg "

oA |
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P mﬁp \ e / rR' Ry=0Ac, OCOR
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rR.__ppl H r'_ RnH il -
L )R L B H ' HZ“R!J )
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Rh-Catalyzed Enyne to Prepare Lactams

Hl
2
| | ~ Q2 [{Rh{codiCI}a] H1WH
J/\J binap
o7 N
o

AgSbFs o
RT a
1 2
Entry substrate Product
1 R* R? R* binap 2 Yield [% ™ ee [ |
1 la Ph Et Bn (5) (+)-2a 95 =99
2 la Ph Et Bn (R) (—)-2a 96 =99
3 1h Ph H Bn (%) (+)-2b 90 =9
4 le Ph Me Bn (5) (+)-2¢ 91 =99
5 1d Me H Bn (R) (—)-2d 91 =99
6 1d Me H Bn (%) (+)-2d 92 =9
7 le Me H Me (5) (+)-2e 91 =99
8 11 Me Me Bn (5) (+)-21 96 =99
9 1g n-CH H Bn (%) (+)-2g 93 =99
10 1h n-CsHy, Me Bn (%) (+)-2h 91 =9
11 li n-CH,, Et Bn (&) (+)-2i 92 =99
12 1j n-CsH Et Bn (&) (+)-2] el =99

Zhang, X., Lei, A., Waldkirch, J. P., He, M., Angew. Chem. Int. Ed. 2002, 41, 4526.



R3=H, no cyclization product and S.M. recovered

I " e

R# = - .

o7 N ,lAl 07N
':' Ea HE

Rz |

rans

cis

Scheme 1. Effect of tans/cis-isomers in the Rh-catalyzed Alderene
reaction.

Functionalized alkynyl derivatives

R
|| _ {Rhicod)Chs] H%/%
o mp binap 0" N
En

AQSbFg Elin
RT
3 4
R = CHOMOM 3a (S)-binap (+)-4a 879 >99% ee
3a (R)-binap (--4a 88% =99% ee
R =CHzOTBDMS 3b (S)-binap (+)-4b 829 >99% ee
3b (R)-binap (-1-4b B4d%: >99% ee
R =CH2CBn 3¢ (S)-binap (+)-4¢ 929 =99°% ee

Zhang, X., Lei, A., Waldkirch, J. P., He, M., Angew. Chem. Int. Ed. 2002, 41, 4526.



Functionalized vinyl derivatives

F‘|1
J|\ f\,ﬂﬁz KRh{cod)Chs] HVWDH
0PN Dinap 0" "N
En

z

AQSbFg .

AT Bn
5 6
R'=Ph, RZ= Me Sa (5)-binap (+)-6a 87% >99% es Vinvl eth
5a (R)-binap (-)-8a 88% >09% ee Inyl ether
R'=Ph, R2=Bn 5b (5)-binap (+)-6b 89% >99% ee
R'=n-CsHyy, B2=Me 5c (S)-binap (+1-6C 929, >89% ee
R'=Ph, R¢= Ac 5d (S)-binap (+)-6d 89% =00% ee Vinyl acetate
Ph
0
PR = S e
J f\,ﬂﬁ KRh{cod)Cliz] /b/\/
o7 N (S)-binap o 0 Vinyl allylic ether
. AQSbFg Bn
Bn
RT
7 (+)-8

84%; =00% ee

Zhang, X., Lei, A., Waldkirch, J. P., He, M., Angew. Chem. Int. Ed. 2002, 41, 4526.



Other functionalized vinyl derivatives

Ph
Ph kfo — Enm%%
| o P wh @  Enamide
= “Bn (S)-binap O

AgSbFg o N
O” N 60°C En

9 i+)-10
82% =09% e

(5)-binap
AngF

Ph O, “\i ? ﬁ; }
[{Rhicod)Cl}a] _
Jf\,” S Pn/b/\/ Enamide
o7y
En

11 (+)-12

B3%: »09% ee

Zhang, X., Lei, A., Waldkirch, J. P., He, M., Angew. Chem. Int. Ed. 2002, 41, 4526.



Trisubstituted olefin

l J/l\ {Rh{cod)CI}] ﬁ‘jn)\
N

(S)-binap |
AgSbFg Ts

13 —--14
9194, =09% ee

Bn-substituted substrates failed to yield the 1,4-diene.



Application in Synthesis of (+)-Pilocarpine

Isolated in 1875

0

D,Q ’|"N:> Therapeutic agent for glaucoma

N N Scheme 1. Synthesis of (+)-Pilocarpine

._ o

(+)-pilocarpine Y . COH s ~_ N

T st T 7 N
D""'-’"‘D"' . G_;._ “'.D"'. 0 e
[:Egﬂj—gehydrmumupllupm (+)-pilocarpine

92% ee, 20% yield

0, [{Rhicod)Cl},]
—— {5 mol%) 2 sleps :
0 k.___- l\w
) (R)-binap (11 mol%) xf s
23 AgSbF, (20 mal%) (R)-(+)- 24 9G%,
OH  CICH,CH,CI, RT, 2-10 min ~99% ee (+)-pilocarpine

Zhang, X., Lei, A., He, M., J. Am. Chem. Soc. 2002, 124, 8198-8199
Horne, D. a., Fugnann, B., Yakushijin, K., Buchi, G., J. Org. Chem. 1993, 58, 62.



Further Application: Stereoselective Kinetic Resolution of Enynes

- Ol
[ AncoDlp S S S
/E\/v (rac) BINAP 5%
D&H il (22 93%
R
i OMe
a!. __[AN(CODICI "
L 0/(\/ T A BINAP
AgSoFy
(2)-3(a-c) B=CHa, CHzOCHs, CaHs (£)-4a BI%, ()b B7%, ()4e B2%
o _H
||| ~_OH _[ANCODICl, < Sy
Loﬁv (rac) BINAP 0
AQSbFg
)5 6 94%
[ 3 son _tmcomon Sy
LY wawe !
o AGSbF,
7a (R=H), 7b (R=0Me) (8a (R=H) 97%, (&)-8b (R=0Me) 95%

Zhang, X., Lei, A., He, M., J. Am. Chem. Soc. 2003, 125, 11472-3



[15)- BINAP]-catalyst
r path A

(5.
%ﬂ_}i
path B (25 3F)-4a + (25 35-4a (2)

BIMNAP]-catalyst
{H)-3a ﬂ-ﬁﬂ:ﬂﬁ,]ﬁ,:nr?-ﬁ_- 2H 3F}4a + (2R, 35)-4a ()

SJ‘B[MF}_‘:&’&“!
—___mh (2R, 35-4a + (2R, 3R -4a (4)

(25 35)-4a + (25 3A)-4a (1)

Me (5)-3a

L _ OMe
L
3a

[Rh{COD)CI),
Me 7a BINAP = (2R, 35)-8a + (2R, 55)-Ta + (25, 55)-Ta
L o El.S}gEbFE 299%, ge ~99% ce  >99% ee
O/E\%/ [Rh{CODICI):
7a Ta = (25, 3R)-Ba + (2R, 5R)-Ta + (25, 5R)-Ta
(R)-BINAP >059% 99% a8
AQEI'.'IFﬁ =09% aa s B8 >

H/m@iﬁyﬂ’“‘“

(t)4a BI%,

(+)-8a (R=H) 57%,

Zhang, X., Lei, A., He, M., J. Am. Chem. Soc. 2003, 125, 11472-3



Control reactions

[RN(CODICTL | o 3y.8a + (2R, 5S)-7a

I OH
Q/Cr AgSbF e
[RR{COD)CI,

syn-{+)-7a (R BINAP = (25, 3R)-Ba + (25, 5R)-7a
AgSbFg =09% ee >99% ee
[ACOD)CIL

-~ (2R, 35)-Ba + (25, 55)-Ta
(5)-BINAP

OH ~09% ee
I | f\r AQSbE, =09% ee
[Rh(COD)CI,

o
- (25, 3R)-8a + (2R, 5R)-7a
antt-(x)-7a ‘T.;,@,L”F““f -99% ee  >99% ee

( R)-substrate matches (S)-BINAP

Zhang, X., Lei, A., He, M., J. Am. Chem. Soc. 2003, 125, 11472-3



Enantioselective Cyclization/hydrosilylation of 1,6-Enyne

Me
— Me [Rh{COD)s]" ShFg~

E., B BIPHEMP (5 mol %) E‘,;Cﬁ\SiEta
£ - LA
E” i : 70°C,1.5h =
'\1.,.““

81%, 92% ee Me
1 (E = CO;Me) 2

Me ] PPh,
Me ] PPh,

BIPHEMP =

BINAP not effective

E=CH,OMe, CH,OAc, CH,COEt etc o ) | .
Silane= HSiMe,Bn, HSiMe,Ph, HSiEt, etc Y 1€1d: 48-81%, ee: 77-92%

Widenhoefer, R. A., Liu, C., Chakrapani, H., Org. Lett. 2003, 5, 157



Proposed Mechanism

: ,f?—ﬁ

Me——=xs
RaSi E .UE
Me = ;: €
Reductijve Hsir li;'L}F‘IhI_EiH:" Coordination
3 . - .
iminati f-migratory insertion
elimination
e R3Si Me
E E
RySiT = E H.
Rh I""J‘E ?{é’l
H'® v ! _F
B-migratory insegtion v/
e . .
Y Le Coordination
H.
Rh
EF}H“"‘
/III

Widenhoefer, R. A., Liu, C., Chakrapani, H., Org. Lett. 2003, 5, 157



Pd-cat Enantioselective Cyclization of 1, 7-Enynes

[(MeCN),Pd](BF,); (5 mal%:)

" PPh, _
fii:\f'\ (SYBINAP (10 mol%)

HCOOH (1 eq.)
1a (R = COMe) 2a 90%, =00% ee

1b (R=H) DMSO,100°C. 1-8h 5y, 9oy, »00% ee

The ortho-substituted benzene skeleton is essential.

=
[(MeCMN)Pd](BF ), (5 mol%)
" (S)-BINAP (10 mol%)
Tm HCOOH (1 eq.)
DMS0, 100 °C, 1 h

9
53%, 86% ee

Mikami, K., Hatano, M., J. Am. Chem. Soc. 2003, 125, 4704



