SFC as a Method to Speed Up Ligand Discoveries Iin
Asymmetric Catalysis

1st International Conference on SFC 2007

Andreé B. Charette
Tuesday September 25, 2007

Université f'"‘l

de Montréal




Historical Background - SFC at the University of Mieal

hL 1999
I Acquisition of a Berger SFC Analytical System (NSERquipment Grant)

M 1st Supercritical Fluid Chromatography in a synthetganic chemistry academic laboratory in Canada.
K Dedicated to chiral separation
K1 Hands-on instrument used by graduate students @stdgxrtoral fellows
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L 2005

! A 15 Million $ Canada Foundation for Innovation igran "Innovation through parallel
experimentation: infrastructure for combinatorigiesce" was awarded - Elaboration of a SFC
laboratory dedicated to chiral separation

M 2 THAR Investigator Systems
M 1 THAR Investigator Systems equipped with a frattollector
K 1 Preparative THAR SFC 70

1 Laboratory became operational in Spring 2007

I Facility manager: Jad Tannous
! Aim of the laboratory
K Provide a departmental service for chiral sepamatio

K Provide a chiral separation service in the Montazeh




THAR & Berger Analytical Systems

A choice of 6 chiral columns are installed on each system for
enantiomeric ratio determination with UV detectors.

Daicel Regis Chirobiotic
OD-H, OJ-H, AS-H, AD{ Whelk-O | Chirobiotic V
H, IB, 1A, OK, OF, Ulmo Chirobiotic R
OC, OGOB-H (R,R Chirobiotic
TAG

Chirobiotic T




Four-vessel fraction collector

For semi-preparative or analytical purposes, this system is customizable to needs of the group.




Preparative THAR SFC 70

» Three CO, cylinders to insure 8-10 hou
of continuous chromatography.

* Choice of four chiral prep columns:
Daicel AD-H, OD-H, AS-H and OJ-H

* Four collection vessels

* Between 50 mg and up to 50 g of product
can be separated on this instrument in a
day




Applications of SFC at the University of Montreal

L Analysis of enantiomeric ratios

L Preparative enantiomer separation for the develapofenew
chiral ligands

L Preparative enantiomer separation for other apgpmias




Applications of SFC at the University of Montreal

L Analysis of enantiomeric ratios

L Preparative enantiomer separation for the develapofenew
chiral ligands

L Preparative enantiomer separation for other apgpmias




Catalytic Asymmetric Nucleophilic Addition to N-RBpainoylimines

) 0

I
PPh, Me-DuPHOS MO (3 mol%) PPh
<R Cu(OTf), (6 mol%) ~FT2

N _ HN . /'\'ﬁz C[F\)é \
L BN be

RL H Et,Zn (2 equiv) RL R2 R1
Toluene, 0 (C, 20 h

Me-DuPHOS MO

ﬁ ﬁ ﬁ ﬁ i i
_PPh _PPh _PPh _PPh PPh PPh
2 2 2 2 HN/ 2 HN/ 2
Et ~ Et
\_0
96% vyield 94% yield 96% yield 97% vyield 97% vyield 97% vyield
98% ee 98% ee 97% ee 97% ee 96% ee 96% ee
HPLC HPLC HPLC HPLC HPLC HPLC
Chiralpak AD Chiralpak AD Chiralpak AD Chiralpak AD Chiralpak AD Chiralpak AS
O O
IIIDPh PPh PPh IIIDPh IIIDPh
2 HN 2 HN 2 HN 2 HN 2
<ﬁ “/L )
MeO
91% vyield 93% vyield 93% vyield 96% yield 95% yield
98% ee 98% ee 97% ee 97% ee 94% ee
HPLC HPLC HPLC HPLC HPLC
Chiralpak AD Chiralpak AD Chiralpak AD Chiralpak AD Chiralpak AD

Boezio, A. A.; Pytkowicz, J.; Cote, A.; Charette, A. B. J. Am. Chem. Soc. 2003, 125, 14260-14261.




Chiral Separation ofeChiral Amines: HPLC vs SFC

Chiralcel AD-H, 20% MeOH




N-Phosphinoylimine Derived From Alkyl-Substitutddeftydes

@]
X
R 4 TolSO,H HN” \Ph Et,Zn (2.5 equiv) o ,
+ T )\ Me-DuPHOS MO (5 mol%) H/ph
EL0 R SO, Tol \ Cu(OTf), (4.5 mol%) HNT Ph R
b X2C0s i Toluene, -20 (C, 16 h @[ ° s
H,N Ph 3 ﬁ oh R Et P—
7
/P\ /Q
N Ph Et,Zn (1.5 equiv)
)J\ Me-DuPHOS MO
R H
[l _Ph [l _Ph [l _Ph | _Ph
3 3 K R
HN Ph HN Ph HN Ph HNT Ph
BnO \/L TrO\/L PivO\/L \)\
£t Et Et TBDMSO -
83% vyield 84% vyield 51% vyield 67% yield
89% ee 97% ee 92% ee 79% ee
HPLC HPLC HPLC SFC

Chiralpak AD-H

Chiralpak AD-H

Chiralpak AD-H

Chiralpak AD-H

Desrosiers, J.-N.; C6té, A.; Charette, A. B. Tetrahedron 2005, 61, 6186.




Determination of Enantiomeric Ratios by SFC

Chiralpak AD
SO,Ph
:SOZPh ?
SO,Ph SO,Ph
Cl
:302Ph :SOZPh
Chiralcel OD
o Ph
II/Ph =

SO,Ph

P
HN” Ph
Me 1y
'Et Tro\/(
CF3

Chiralcel OD
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Catalytic Asymmetric Hydrogenation of Pyridiniunidék

A Hy, P psi
| Ir catalyst (2 mol%)

~ I, (2 1% .
+N R 2( mo 0) "

- N R Ir B
] | COD %Bu
NBz Toluene, rt, 6 h NHBz

‘\\Me ‘\\Et ‘\\n'Pr ‘\\\ ‘\\Me

N JJ\ N )J\ N JJ\ N N )J\
SN Ph SN Ph N Ph SN Ph  Me SN Ph
H H H

90% ee (97% ee) 78% ee (94% ee) 84% ee (95% ee) 88% ee

86% ee and 84% ee

Test new metal complexes 4

n=1-3
= Rl =H, Ph

HO
Chiralcel OD

PfaltzACIE 2006 5194.




Applications of SFC at the University of Montreal

L Analysis of enantiomeric ratios

L Preparative enantiomer separation for the develapofenew
chiral ligands

TS

—L

L Preparative enantiomer separation for other a
Mechanistic studies




[3+2] Cycloaddition of N-Iminopyridinium Ylides: &iwise or Concerted?

/A/COZME 3:; to >20:1 diastereomeric
Ph : XN, .~ Mixture

N CO,Me Hco,Me
_ > N CO,Me
N Ni(ClO,4), (10 mol%), MS |

* THF (0.1 M), 16 h, rt BzN
— NBz
R
Homo [3+2] /A/COZMe
A Ph :
h Hco,Me CO,CD;
P NME0C, _come N CO,Me .
+N \/ p 2 | Enantiopure
R BzN
BzN Ph ~_retention
R inversion
Zwitterionic mechanism
AN
H
COzMe N|(C|O4)2 COZMe COzMe

: > + 7 - > N CO,Me
Ph F Ph To,Me !

COZMe 2 BzN

& scrambling
Stepwise R
N XN
A 5 r )~ LO:Me Hco,Me
,:/ M602C/," COZMG + |}] - Cone . N COZI\/Ie
" /“x( BzN BZN
BzN - py ~_  Sscrambling

R R inversion 1




[3+2] Cycloaddition of N-Iminopyridinium Ylides: &iwise or Concerted?

Phe/\_sCO:Me
Ph CO,Me :
Ph\A/COZMe \A/ 2 CO,CD;

2 CoH |
CO,Me 2 Enantiopure
CO,CD
() (*) A’ o

Ph™ To,Me

Chiralpak AD-H
CO,:IPA (95:5)




[3+2] Cycloaddition of N-Iminopyridinium Ylides: &iwise or Concerted?

Enantiopure/A/COZMe
Ph ' o

A CO,CD; Hco,cb,
_ > N CO,Me
N Ni(ClO,), (10 mol%), MS |
) THF (0.1 M), 16 h, rt BzN \
— NBz ~_  Sscrambling
Homo [3+2] R inversion
AN
= Hco,Me
MeO,C,

£Z .. aCO,Me N CO,Me
N |
I h>£ BzN \

~_ retention

o ] R  inversion
Zwitterionic mechanism

CO,Me Ni(ClOy), CO-Me
P > Ph + -
Ph - =
Co,Me CO,Me
Stepwise
AN
N m ]« CO,CDy Hco,cD,
l:/ D3C02C/," COZMe +|}l - COZMe — COZMe
+I h;& BzN
BzN—  pp scrambling
R R  inversion 1




Applications of SFC at the University of Montreal

L Analysis of enantiomeric ratios

L Preparative enantiomer separation for the develapofenew
chiral ligands

TS

—L

L Preparative enantiomer separation for other a
Peptidomimetics




Natural and non-Natural Cyclopropane Amino Acids

. 20H
Naturally Occuring CAA

NH,
< :
CO,H
1
ACC ]\
1+
The biosynthetic source of ethylene
in plants and is responsible for fruit ripening.
Burroughs, L. F. Nature 1957, 179, 360.
Vahatalo, M.- L. et al. Acta Chem. Scand. 1957, 11, 741. IC50=0.011 PP
Recent synthesis: Allwein, S. P. et al. Synlett 2004, 2489.
H O CO,H ., Ry
HO,C &
(0] N Me 2
H O
H H 0 o NH
H
: N N N
" P Coronatine H :
e 0 =
- - . A
Produced from Pseudomonas syringae, which induces the R
chlorosis of Italian rye-grass leaves, expands potato cells 2
and inhibits wheat root elongation. Hepatitis C Virus NS3 Protease
Ichihara, A. et al. J. Am. Chem. Soc. 1977, 99, 636. Inhibitors (Boehringer Ingelheim)

Mitchell, R. Physiol. Plant Pathol. 1982, 20, 83.
/IDPDUUW W DIoW X UH 2




Tools in Medicinal Chemistry

SMe
Ph
O H O
HzN\)]\Né\H/N\)I\N/(”/NHz
H g iH g
Ph \

HNYNH
NH
F-{2R,3S-cyclo-M}RFa 2

Burgess, K. et al. J. Org. Chem. 1996, 61, 8627.

o) :
N-terminus f\f *HN/L% C-terminus

SMe

N- and C-termini forced away from
cyclopropane

Rl

* Conformationally constrained
amino acids playing an important
role in defining Ospace

* @ is restricted by the
cyclpropane (CRCH

* Increased hydrolytic resistance
to enzymes
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Potential Replacement of Phenylalanine in Bioackheptide

NH,
Ph \)\[(OH
o)

.wCOOH
Ph ., ~OH
H i
Ph @)
\H;




Synthetic Approaches to Cyclopropane Amino Acids

Schallkopf P BnO%
EWG A 2
R de Meijere

R EWG Me;S(O)! I

Aggarwal \
EWG
HO,C. NH,
__ CH,N, EWG EWG

R EWG
R R

/ T s ons WHZDZ, Chiral dioxaborolane
CO,R

(PG),N CO,R
\”/ . /—N,

OH
Aggarwal 12-14 steps
/\)J\ — from commercially
R OPG available starting
Ph” ™ materials
Charette

J. Am. Chem. Soc. 1995, 117, 12721.

Davies

EWG: Electron withdrawing group i.e. COOR, CN, NC PG = protecting group




Synthesis of (3)-Cyclopropane Amino Acids

[Rh(OAC),], (2.0 mol%)
R
OZN)H( + Ph/\
CH,Cl,, rt, 2-4 h

:

Ph
~  NO,

v,

COR

trans-isomer

entry R yield (%) tragstizgis
1 OMe 78 91:9
2 OEt 80 88:12
3 Oi-Pr 78 75:25
4 Ot-Bu 81 55:45
5 Me 73 78:22
6 Ph 74 16:84
7 4-MeOCgH,4 75 5:95
8 t-Bu 53 20:80

lodonium ylides as surrogates for diazo compounds:

Miuller, P. Acc. Chem. Res. 2004, 37, 243.

Ph

W NO,
+

COR

cis-isomer

trans -selective

cis -selective




lodonium Ylides as Metal Carbene Precursors

Rh(L)2l, 05 mol%) | Phe P - o
OMe PhI(OAc), (1.1 equiv) | /‘ : NO,
OzN/\n/ > OMe | — 5 OMe | —» '
o) styrene (5.0 equiv) O2N O2N “CO-Me
additive, solvent e) 2
2 h - - - -
solvent catalyst additive (equiv) yield (%) trarglsti:gis

CH,Cl, [Rh(OAC),], MgO (5) 522 92:8

CH,Cl, [Rh(OAC),], Na,COs (2) 322 90:10

H,O [Rh(OPiv),], Na,COjs (2) 86 93:7

none [Rh(OAC),], none 41 90:10

none [Rh(Oct),], none 71 91:9

none [Rh(OPIiv),], none 83 92:8

none [Rh(OPiv),], none 67P 92:8

a) Reaction time 6 h in refluxing CH,Cl,. b) Styrene (2.0 equiv) used.

Wurz, R. P.; Charette, A. B. Org. Lett. 2003, 5, 2327.




Reduction of the Nitro Group

zinc dust

N02 NHZ
- - e
'/COZR 1IN HCI '/COZR
i-PrOH (0.05 M), 2 h
COZMG Ph H NH2 0 Me
. \||l|...
/ NH; NH; "COLEt NH; O
"', ." \\\
COMe : ‘co,Me \“ NH;
@)
80% 93% (t:c = 3:2) 79% 54%
70%
Ar HN
NH, H \..co,Me
“CO,R H
Ar=Ph,R=Et, 77%
Ar = Ph, R = Bn, 75% 94% >99% 88% 87% o601
0

Ar = 4-CI-Ph, R = Me, 76%

Ar = 3-Me-Ph, R = Me, 81%

Ar = 1-Naphthyl, R = Me, 76%

Ar = 3-TBDPSO-CgHy, R = Me, 74%

Wurz, R. P.; Charette, A. B. J. Org. Chem. 2004, 69, 1262.
Next Challenge: Enantioselective Version of the Cyclopropanation Reaction




Catalytic Asymmetric Synthesis of Cyclopropdmino Acids

Phi=0O (1.1 equiv)
Na,CO3 (2.3 equiv), M.S.

R \A<C02Me
/

MeOZC N02
~ alkene (3 equiv) benzene, 3h, rt ,
@ R NO,
] © —|® o
SbF
SbFg
Y e %
N, ,N\> Me N, ,N\><|v|e
o Cl P ) Ci P )
(2 moloe) © 2 moloe)
t-Bu
CO,Me CO,Me ’ CO,Me Me “,
M
NO CO,Me AN
2
53%, 91% ee NO NO,
79%, 91% ee 80%, 91% ee 93 7 dr 2 7206 9806 e
94:6 dr 937 dr 02% ee 54%’ 03% ee >9’5:5 dr
9 94% ee 95:5 dr
Me 93% ee cl 0 94% ee 98% ee
O Me co,Me
— CO,Me
CO,Me CO,Me /\ COMe M< Me NO,
NO,
NO, NO, NO,
84%, 90% ee
0, 0, )
76%, 92% ee 45%, 91% ee Moo 82:18 dr s
93:7 dr 92:8 dr : 93% ee = A
: 94% ee 87%ee »

93% ee 95% ee




New Bis(oxazoline) Ligand Derived from Phenylglg€in

X

MeOZC N02

N

Phl=0O (1.1 equiv)
Na,COj3 (2.3 equiv), M.S.

—
benzene, 3h, rt
+
SbFg
Me/,'. O | | O Me
Me N, ,N\%Me
(2 mol%)

Ph Cu Ph
(2 mol%)

’O A\ _COaMe
NO,

91.4-91.8% ee

94.8% ee




Catalytic Asymmetric Synthesis of Cyclopropdmino Acids

MeOZC

NS

NO,

Phl=0O (1.1), M.S.
Na,CO; (2.3), styrene (5)

benzene, 3 h, rt@ NO,
Bl SbF@ 82%. 94:6 dr
0 0 ° 91% ee
I I
N, N
Ph cd ‘:th
(2 mol%) NaOH
H,O : DMSO
80°C
Y
Ph\A\ Zn, HC Ph é
-
iPrOH : H,O
NH, 2 NO,

83%
79%, >95:5 dr

91% ee

Ph COzMe
'

iPrOH : H,O
89% NH,

LiOH, THF, H,O
then neutralization

Ph é :CozH

NH,

3-step from
commercially available
starting materials




Synthesis of cis-Cyclopropane Amino Acids

trans-substituted cis-substituted
cyclopropane D DPLQR DFLGV cyclopropane D DPLQR DFLGV
R ﬁ CO,Me R ~ CO,Me ﬁ CO,R? ~ CO,R!

NO, NO, R NO, R NO,
A A A A
+ + ' '
m m - :
MeO,C NO ' '
o, O | | 0] - 2N T2 " @) | | o o : :
‘ ‘ PhI=O : !
NN NN : ? :
S L Na,CO;, 4 M.S. : oL ' '
Ph cu Ph benzene, 3h, rt Ph cu Ph
(2 mol%) g (2 mol%) gpp~

R R R R




Synthesis of cis-Cyclopropane Amino Acids

FINEN D HC
F\FORSURSDQH D DPLQR DFLGYV

trans-substituted
cyclopropane D DPLQR DFLGYV

R CO,Me R . CO,Me " CO,Me ~ CO,Me
\/ S< \_< ............ - A< /_<

NO, NO, R NO, R NO,
A A A A
. + : :
s T -
, 0) 9) . MeOZC\/NOZ , 0] e) . E E
" | | g Phl=O § | | < : :
N, N NN : ? :
\‘ ,I ': NaZCOS’ 4 MS :. “ ,' : ) :
Ph Cu Ph benzene, 3h, 1t h cu Ph
(2 mol%) gpp— (2 mol%) gpF- E :

B X R R




Synthesis of cis-Cyclopropane Amino Acids

Ph NO .
Ph COMe 1 M NaOH, EtOH Ph C02Na Cl\(ﬂ)é (?t)’lgl\ﬁf ® (Me0);80, 45min  Ph NO2
> — - >
93% ee 82% 93% ee, 85%

NO NO, CO,(g), DMF CO,Na
LN | 1 aoH. Eton <3 no: MS. 1t 12 h J e
> p— -
COzMe rt, 2 h COZNa N02

(Me0O),S0,, 45 min

<] _co,me
OO NO;

70%

* Good solution for some cyclopropane amino acids
* Not general (solubility of the sodium carboxylate in EtOH)

Dino Alberico




Catalytic Asymmetric Cyclopropanation with 4-Me®ii; Ketones

O—Rh
0 |

cl
cl
| cl
o)
cl
cl
Cl

O-Rh

O-—Rh

—Rh

X

Chiral catalyst (1 mol%)

Pentane/EtOAc, 0-5 iC, 2 h

R Yield (%) dr (cis:trans) ee (cis) (%)
Ph 74 94:6 95
4-CICgH,4 70 96:4 95
4-FCgH, 52 92:8 91
2-BrCgH, 28 98:2 89
2-CICgH, 30 98:2 90
1-Naphthyl 63 97:3 92
2-Naphthyl 41 94.6 91
4-t-BuCgH, 31 92:8 88




Catalytic Asymmetric Cyclopropanation with 4-Me®ii; Ketones

N OMe R
2 Chiral catalyst (1 mol%) NO,
’

O,N + R OMe
Pentane/EtOAc, 0-5iC, 2 h 7
0]

O

MCPBA, CH,Cl,:i-PrOH, buffer (pH 7.6), 55 iC, 20 h 80%
R R
NH,¥HCI
2 Zn, HCI, rt NO,
w',/ O ( ",
//’ i-PrOH, CH,Cl, 7//0
O 50-60% o)
OMe OMe
Zn, HCl,
reflux, 4 h 50%
* Translsomer: I-PrOH, CH,Cl,

* 3-step synthesis from commercially availabe stgrthaterials
* Relatively cheap copper-based chiral catalyst

_ NH,¥HCI
* Cislsomer: /

* 5-step synthesis from commercially available stgrinaterials /’/’OH
* Very expansive rhodium based chiral catalyst




Potential Replacement of Phenylalanine in Bioackheptide

NH,
Ph \)\[(OH
o)

.wCOOH
Ph ., ~OH
H i
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Non-selective Synthesis of Cyclopropdm@mino Acids

(x)-trans-substituted ()-cis-substituted
RN R COOR' R o COOR' COOR' ~ COOR'
+ > + \: ‘¢< + + : ‘¢<
R'OOC_ __NO; NO, NO, R NO, R NO,

* Develop the least selective reaction with the paeastarting materials and catalyst

* Do the separation of the isomers of the final conmal and not one of the intermediates if all four
are needed pure:

- 1 reaction on a mixture of 4 compounds is moriiefit than:

- The same 4 reactions on 4 pure compounds

* If only one out of four is needed: process coddjkeener




Non-selective Synthesis of Cyclopropdm@mino Acids

()-trans-substituted (%)-cis-substituted
PhI:O, N32CO3
P 4 M.S.
R™ ™ Toluene, 3 h, rt, Cu(l) R COOt-Bu R & COOt-Bu COOt-Bu ~ COOt-Bu
+ - + S + + R
t-BuOOC\/NOZ NO, NO, R NO, R NO,
67 :33
Chiralcel OJ-H

CO,:hexanes (95:5)
40 °C




Cyclopropane a-Amino Acids: Another Case Study

Chiralcel AD-H
CO,:IPA (95:5)




Aminocyclopropanes: Another Case Study

Chiralcel OB-H
CO,:MeOH (95:5)




Conclusion

* SFC is an extremely valuable tool in organic sgai$

* Speeds up reaction discovery, mechanism elucidamnol
the synthesis chiral molecules and ligands

* Problem: $$$$$

- Preparative chiral separations are not widely used
academia

- Preparative chiral columns are not affordable

SFC Method Development
TANNOUS, Jad

Financial Support




