Dynamic Ligand Exchange of the Lanthanide Complex
Leading to Structural and Functional Transformation:
One Pot Sequential Catalytic Asymmetric Epoxidation-
Regioselective Epoxide-Opening Process
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Lanthanides

La|Ce |Pr |Nd (Pm |[Sm |Eu |Gd (Tb |Dy |Ho |Er [Tm |Yb |7'Lu

*Large coordination # enables development of lanthanide ligand
complexes as Lewis acid catalysts.

-Ligand-accelerating effect - reaction rate is increased by
addition of a suitable ligand

-Dynamic Ligand Exchange- a nucleophilic reagent can be
exchanged for a labile ligand to generate another nucleophilic
catalyst.

Sharpless, K.B.; Berrisford, D. J.; Boim, C. Angew. Chem. Int. Ed. 1995, 34, 1059.
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Catalytic Cycle of Enantioselective Epoxidation and Sequential
Epoxide-Opening Reaction through Dynamic Ligand Exchange
of the Lanthanide Complex

OH
Ln(O-i-Pr)y +
H Ln = lanthanide metal

OH
Co - BINOL
ROH ROOH e H

o‘\
X R ey,

-several bonds formed without isolation of intermediate
-environmentally friendly--minimize waste
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Catalytic Asymmetric Epoxidation of a.,p-

Unsaturated Amides

O Smi—~(8)-BINOL-PhAs=0 0
~ 5 compiex 4 (10 mol 2o) O 2
7} "'\»/J\N' A TBHP (1.2 eq) R'/\:/J NG
i . - ]
2a~0 R? THF, MS 4A, rt 3a-0 R°

substrate N time  yield®  eer

_LEI_BINOL'P]13AS:O CO]np]eX enlry B! NHZ‘HZS conditions® (h) (D,b) (QE)

I\ -1 1 1 f 1 Ph{CH,), CH,NH 2a A 8 99 99

Asymmetric epoxidation o 9 A A R

Enonones, a,f-Unsaturate 3 2a A 24 @ 97

Hon S Q’B Unsat d 4 Ph(CH,), BnNH 2b A 6 67  >%9

1 1 5¢ 2b A 24 a2 99

l n]]daZOl]deS 6 Ph(CH,), AlhiNH 2c A 4 95 98

7 Ph{CH., cHexNH? 2d A M 97  >99

8  Ph(CHz,  +-BuNH 2e A 22 91 50

9 Ph(CHp;  (CHu,N  2f A 3 96 99

10 Ph(CH,), LN 2g A 4 91 09

1t Ph{CH,), CH,;NH 2h A 8 &1 >89

12 CyH, BniNH 2i A 9 94 g4

13 cHex? BnNH 2j A 12 90 =99

14 Phi CHLNH 2k A 24 89 >89

15 2k B 18 a5 96

16" 2k B 9 9z 97

17 Ph BaNH 21 B 18 91 >89

_ _ : 18 Ph (CHyb,N  2m B 9 96  >99

one-pot tandem catalytic o 4FOH  Ohot v B e o

asymmetric epoxidation-Pd 20 dMeldl,  CHNH 20 B 21 89 90
Czlta])’ZGd ePOXide Openiﬂg CCondimions A TBHP o decane wis used. MS 47 was not dricd,
Conchtions B2 TBHP in toluene was used, MS 4A was dried For 3 0o 180

B-aryl- a-hydroxy amides

"Dy was nsed as acentral metal. ¥ cHex = eyetohexyl.

Shibasaki M. et al J. Am. Chem. Soc. 2002, 124, 14544,
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“Cunder reduced pressure, " lsolated yield. * Determined by HPLC analysis,
43 mol Cw ol 4 was used. © Ph:P=0 (30 mol “u) was vsed as an additive.
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Regioselective Ring Opening of o,3-Epoxy Amides

PhSH with 3b
\ O T
K \; CONEtg TMSNa with 3d

R

3b, R=H -78°C to RT
3d, R = CHy

CONEt,

=H, R' = SPh, 80%
Hy, R' = Ny, 79%

Aggarwal, V.K. J Am. Chem. Soc. 2002, 124, 9964.

Table III, Reaction of 2,3-Epoxy Amides with Thiophenol

P i
R, NRaR3 R.’\‘im,n, * ﬁz,/k{u\rsmgﬁ3

OH SPh
13 14 15
entry substrate R, R, R, conditns® ratio 14:16 yield,® %

1 18 n-C-;H“, H PhCH2 A 1:1.2 89
2 16 n'C';Hw H PhCH2 B 20:1 95
3 17 e-CeHyy H PhCH, A 1:4 85
4 17 C'CgHu H. PhCHg B 5:1 95
5 17 ¢-CeHy, H PhCH, C 71 95
6 17 C'CGHH H PhCHg D 20:1 91
7 18 n-C 7H15 PhCHg PhCHg A 1:111 34
8 18 n-CrHjs PhCH, PhCH;, D 17 89

®A, PhSNa, THF, room temperature, 1 h; B, PhSH (2 equiv), Ti(0-i-Pr), (1.5 equiv), CH,Cl,, room temperature, 6 h; C, PhSH (2 equiv),
Ti(0-i-Pr), (1.5 equiv), THF, room temperature, 6 h; D, PhSNa (1.5 equiv), Ti{O-i-Pr), (1.5 equiv), THF, 0.2 h. b As determined by 'H NMR
spectroscopy on the acetylated (Ac,0, pyr, DMAP) mixture. “Isolated yield of purified (flash chromatography) acetates.

Sharpless, K.B.; Chong, J.M. J. Org. Chem. 1985, 50, 1563.
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Regioselective Ring Opening of a,f-Epoxy Amides

0 catalyst (x mol %) N, O
0 . desilylation
o 2. y
op I Me_MesSiN, (2.0 eq) i Ph)\:/ILI}I'Me
Ve THF, rt OH Me
Ja 4a
entry catalyst x (mol %) time (h} yield? (%)
1 Sm(O-i-Pr); 5 | 99
20 Sm(O-i-Pr); 0.2 2 97
3b Sm—(8)-BINOL—Ph3;As=0 5 1 99
(1:1:1) complex 1
4¢ Sm(OT1);3 10 24 21

? Isolated yield. ? Desilylation was conducted with 1 N HCl aq—MeOH.
¢ Desilylation was conducted with KF in MeOH.

-only a trace amount of 4a was observed with no catalyst after 48 h.
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Table 2. One-Pot Sequential Catalytic Asymmetric Epoxidation-Regioselective Epoxide-Opening Process with Various o, 3-Unsaturated
Amides

(S)-Sm complex 1
0 (x mot %) _ N; O
_R® TBHP indecane MesSiN, )\eL R®
RSN (1269 @0ey w R X N
R° R a
2a-r THF. MS4A°%rt,yh zh dar
substrate
calalyst time yield® eef
entry R! R? NR3R# {x mol %) {¥izh) {%) {%) product
L 1 C(,H5 H NMBQ 2a 5 1271 99 99 4a

2 Ce¢Hs H NMes 2a 2 15/2 70 99 4a

3 CqHs H morpholinyl 2b 5 11/1 99 904 4b

4 4-MeOC¢H, H NMe, 2c 5 13/1 935 =99 4c

5 4-MeOC¢H, H morpholinyl 2d 5 12/1 97 994 4d

6 4-MeC:H, H NMe, 2e 5 13/] 93 99 de

7 4-FCqH4 H NMe; 2f 5 1171 98 =00 4f

8 1-naphthyl H NMe; 2g 10 11/3 98 98 4g

9 2-naphthyl H NMes zh 5 13/1 99 >99 4h

10 2-naphthyl H NMe; 2h 2 16/1 71 98 4h
[11¢ 2-fury] H NMe» 2i 10 11/0.5 45" >99 4i |

12 3-furyl H NMe, 2j 5 1i/1 94 =09 4j
3 {(ErPhCH=CH— H NMe» 2k 108 12/0.5 90 =99 4k |

> 14 CHs H NHMe 21 10 13/8 3 99 4

15 —(CHz):—~ NHBn 2m 10 12/5 97 96 4m

16 = Hoy— NHER n 14 1371 26 90

17 Ph(CH2);- H NMe; 20 5 6/12 34 93 4o

18 Ph{CH:);- H morpholinyi 2p 5 5/12 92 98 4p

19 n-propy! H NMe, 2q 5 6/12 85 o8 4q
120 cyclohexyl H NMe; 2r 10 6/16 75 R 4r |

“ MS 4A was used without prior activation (1000 mg/mmol of starting material). * Isolated yield. The regioselectivity was generally below the detection
limit of 500 MHz 'H NMR (>98:2). © Determined by chiral HPLC analysis. ¢ ee was determined after conversion to the corresponding N-Boc amine.  The
corresponding epoxide is decomposed on silica gel. / Isolated yield of the major anti isomer after conversion to TES ether (ref 15). £ Gd was used as the
central metal instead of Sm (ref 9d). # ee was determined after conversion to the corresponding benzoate.
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Active Species

-spectroscopic experiments

THF-dg

P 1 13
Sm{O-1Pr)g (1 equiv.) + MesSiN3 (5 equiv) —  MesSiC-iPr H_- C
| A 2100 e DFT calcutations for Sm(Nals = 2093 cm
SmM-(S)-BINOL-PhAs=0  + Me,SiNg (B3LYP/LanL2DZ level)
MS X
Sm-(S)-BINOL-PhAs=0  + Me3SiN, —  [SM(N3)a{PhyAs=0)3]" (MW 1201)

[SM(N3)o(PhzAs=0)0*" (MW 1524)

-the (S)-Sm complex also acts as a highly reactive samarium azide complex
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Scheme 3 . Effect of Amide Moiety on the Reactivity and the
Hammett Plot?

(OSiMe,)
. X 7a-e 8a-e
0 Ar= ©/ -4.5
(o e .
6a: X=-MeO (&)  ° S0 B
6b:X=Me (M) ~_ . = ep
Lewis basicity of carbonyl 6¢: X=H (.) %’ ) o
6d:X=F (o) T =]
ﬂ 6e:X=CF, (O0) ® ®[=a
O - \.\b\
.R —-6.5 ~——T
N Step A
Ry " )
0.4 -0.2 0 0.2 04 0.6
Gp

(a) (5)-Sm complex 1 (10 mo! %), TBHP in decane (1.2 equiv), THF,
MS 4A, 25 °C. (b) Sm(O-i-Pr)3 (10 mol %), Me;SiN;3 (2 equiv), THF,
25 °C.

-Lewis-basic carbonyl coordinates to the samarium more efficiently and enhances the

nucleophilicity of the active samarium azide complex
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Catalytic Cycle of Epoxide Opening with Azide

Sm(O-i-Pr), or Sm-(S)-BINOL-PhAs=0 complex 1

Me,SiN,
Initial rate kinetics o0 OSiMe,
. €,;Si0-Pr or t(
1.08 [Sm(O-iPr),] ’ OSiMe,
o N ’ \
0.04 [TMSN3] R2 /U\I/i N3 (9] o
||;3 o} - R‘!’:IMR"
s SiMe; ollgomericN3 R? 3
samarium azide
fast complex {1}
Me,SiN,
R! R?
! 1 3
N R R
| W ,
3 0/0 \R: N, \m'N‘ ,
j 0 H o
R2 !
\ R2 0
e N A N
ROH R R H R
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Other Nucleophiles: Me;SiSPh, PhSH

Table 5. One-Pot Sequential Process with a Sulfur Nucleophile

(5)-5m complex 1
D o TBHPmdecane Nugonis 3§
2 in decane u i
R1/\\\)J\r|q'R (1.2eq) (conditiongﬁ.\]or B) R1)\:/u\hll’R2
R THF,MS4A°rt,xh  yh OH R®
2 9 (C-p)
'condition A: Me,5iSPh (2.0 eq) ; H™: .
| condiion B: PhSH (30 eqy i Cisomer
substrate
time yield? ratio¢ e’
entry R NRIR? condition xly (h) (%) {C-5:C) (%) product
> CeHs NMe; 2a A 1141 86 92:8 99 9a
2 CgHs NMe: 2a B 1141 93 94:6 90 9a
3 CsHs morpholinyl 2b A 11/1.5 83 95:5 Q9 b
4 CsHs morpholiny! 2b B 11/1.5 91 96:4 9y 9b
J d-MetgHy Nivles it A I'l71 B Yo 4 =g C
6 4.-MeOCHq NMe; 2 B 11/1 90 98:2 >99 9¢
[ CoHs NHMe pd| A 1572 iU 9512 W vl

8 CeHs NHMe 21 B 13/4 74 >08:2 9% L
9 Ph{CH:);~ NHMe 2s A 11/2 76 02:8 99 95
10 Ph(CH;)— NHMe 2s B 6/2 72 90:10 %9 9s
11 cyclohexyl NHMe 2t A 15773 7 85:13 9o 9t
12 cyclohexyl NHMe 2t B 14/76 74 80:20 99 9t

“MS 4A was used without prior activation (1000 mg/mmol of starting material). * Isolated yield. ¢ Determined by 'H NMR analysis. ¢ Determined by
chiral HPLC analysis.

Nilu @ Wipf Group 11 3/1/2005



Me,;CN

N
. 1]l
O Sm(Q-i-Pr); (10 mol %) u
\“Q 2 H i 2
R‘/\:)J\I}I’R Me3SIC:II-|(3.0 equiv) . R : ll\l'R
3 F - 3
R Me3Si/o R
3 10 (C-p)
+ C-a isomer
substrate
temp time yielda ratio®
entry R’ NRZR? (°C) () (%) (CB:C-a) product
1 CeH3 NMe, 3a rt 24 81 88:12 10a

2 CeHs NHMe 31 rt 39 80 93:7 101
3 Ph(CH;);- NMe, 30 rt 36 57 86:14 100
4 Ph(CHy)- NMes 30 50 36 71 85:15 100

“Isolated yield. ? Determined by 'H NMR analysis.

-one-pot sequential procedure resulted in slugglish epoxide opening
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Applications towards natural products

N; O Ns O
_ BzCl, Et3N, cat. DMAP : Pd/C, Hy, EtOAC
Ph N Ph N~
on | os% , | 96% 1 N NaOH, aq. EtOH
Ph
TMSCHN,
z . NHBZD
N o Et0-MeOH )
P CoH ! glo/HCI, aq.MeoH  Ph OMe 2N
* 3 X
- 1. LAH
/Q/Y'L I\() 2. NaBHj, MeOH-THF HN™ O
MeO o © 5 Nan " OH
58%
MeO (-)-cytoxazone
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Summary

-a convenient catalytic asymmetric approach to a-hydroxy,B-azido
amides has been realized by dynamic ligand exchange of a lanthanide complex

-mechanistic spectroscopic studies confirmed the generation of the samarium
azide complex

-high Lewis basicity of the amide moiety has a key role in both the high
reactivity of the epoxidation and epoxide-opening reactions

-extended to other nucleophiles such as thiols

-future work- one-pot epoxidation/cyanation
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