Asymmetric oxidation reactions



Sharpless asymmetric epoxidation reaction

Ti(Oi-Pr), (+)-DET

3 R3
R +-BUOOH ,0
R%/OH - R\'j\/OH
R MS 3A, CH,Cl, R’
OH
DET = ~_-CO,Et
()DET=  g5,c~\C02
OH

Enantioselective reaction
Works only with allylic alcohols

(+)-DET and (-)-DET available and non-expensive

Ti(Oi-Pr), can be used in catalytic amount

Barry Sharpless
Chemistry Nobel Prize 2001



Sharpless asymmetric epoxidation reaction

Lewis acid chiral ligand

\ / oxidant
Ti(OiPr),, (+)-[V
R3 ) R3

MS 3A, CH.Cl, R’

OH
] - ‘_CO,Et
(+)-DET £10,07 €02

OH

Enantioselective reaction
Works only with allylic alcohols

(+)-DET and (-)-DET available and non-expensive

Ti(Oi-Pr), can be used in catalytic amount

Barry Sharpless
Chemistry Nobel Prize 2001



Simplified catalytic cycle

Ti(O-iPr),
ligand exchange l

ligand exchange XOH 'PrO,  OPr

regeneration of the catalyst HOPr
HOPr /H_(
COqEt ligand exchange

>L-,C3,‘,,, OPr >Lo

(0]
—_ /| OPr
Ti ol

OH

7N Ti
.. CO,Et
B0 2 e0—g- CO,Et
Sharpless Asymmetric
eme, Epoxidation Catalytic Cycle
o OH

. e OH
' ligand exchange
ligand exchange  HOPr HOPr

liberation of the epoxide >L <I\ >L ,\%,\

/“ \o allylic alcohol
essential
EtO o‘ COzEt . CO,Et

epoxidation
From www.name-reaction.com



Origin of selectivity

Formation of a dimeric titanium complex incorporating DET ligand and oxidant

CO-Et COsEt
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Origin of selectivity

Formation of a dimeric titanium complex incorporating DET ligand and oxidant

COEL o COE o
- O I Pre o | o
FPrT NG e W 2 FPr \ P B, N P,
THOFPD, + 1 coecT /ﬁ +BuOH mcoer i Cozkr
@oer — ™ N o — o e ] e ™
I I/
/ ke /
£° = 20 (l)
+Bu
EtO E10
R
coordination of the allylic alcohol LOH

Et0



Mnemonic

Ti(OF-Pr)y, (-)-DET
+-BuOOH

Y

Ti(OF-Pr),, (+)-DET
t-BuOOH

\J

Example:

Ti(Oi-Pr),, (-)-DET

[9) -BuOOH
Me OH Me OH

97%

A

86% ee

Ti(OF-Pr)4, (+)-DET

+-BuOOH

Y

97%

Me

o;
A _OH

86% ee



Substitution patterns tolerated

Works well with

X oH RT"™X"N0OH RV\(\OH
R2
R2
RN 'Y
RO

Less efficient and selective with (Z)-disubstituted olefins

k/\OH



Examples

Styrenyl derivative

(2)-olefin

C7H15

Regioselectivity

WOH

Ti(OF-Pr)4 (5 mol %)
(+)-DIPT (7 mol %)
t+BuOOH

-20 °C, MS 3A, CH,Cl,
89%

Ti(OI-Pr)4 (10 mol %)
(+)-DET (14 mol %)
t-BuOOH

-10 °C, MS 3A, CH.Cl,

74%

Ti(Oi-Pr)4 (5 mol %)
(+)-DET (7.4 mol %)
-BuOOH

-20 °C, MS 3A, CH.CI,

95%

Phg>_OH |

ee > 98%

0

P\/OH

C7H15
ee = 86%

@)

ee =91%

____________________________________



Epoxides as useful intermediates

@)

Ho A

R'MgBr, Cul
CH5;ONa EtSNa LiAIH,

CH4OH

OH OH
Ho AR OH OH HO\/S<H
Ho_X_ocH,  Ho N _ skt H H

Numerous applications in total synthesis of biologically active molecules



Application : pharmaceutical industry

Kilogram scale synthesis of a bioactive molecule (Wyeth drug company)

NHMe
OH

F

M

WAY-315193
treatment of mental disorders

A. Alimardanov et al. Org. Process. Res. Dev. 2009, 13, 880



Application : pharmaceutical industry

Kilogram scale synthesis of a bioactive molecule (Wyeth drug company)

A. Alimardanov et al. Org. Process. Res. Dev. 2009, 13, 880



Application : synthesis of a bioactive alkaloid

synthesis of

the allylic alcohol Ti(Oi-Pr),4 (-)-DET o
. -BuOOH
HO” ~“""0OH >, TBSO A - >  TBSO
-20 °C, MS 3A, CH,Cl,
OH OH
90% ee =78%
OH
: “ HQ >
. )
-« P —_—
N NI TBSO CO,Et
Boc 2

(+)-dienomycin C
Antibacterial activity

Y. Hirai et al. Tetrahedron 2010, 66, 8458.



Kinetic resolution

Operating when secondary allylic alcohols are used

Me3Si Me;Si .
| Ti(Oi-Pr), (1 equiv) 391 MesSi
OH (+)-DIPT (1.2 equiv) O.., |
+BuOOH (0.6 equiv) OH
> + "
-20 °C, CH,Cl, H —
racemic mixture 49% 48%

ee > 99% ee > 99%

(S)-enantiomer reacts faster (R)-enantiomer recovered

Kinetic resolution = the two enantiomers of the initial racemic mixture are differentiated because one reacts
with an higher reaction rates than the second

High ee can be obtained for both the epoxide and the recovered alkene but yields are limited to 50%.



Kinetic resolution

Operating when secondary allylic alcohols are used

Me3Si Me;Si .
| Ti(Oi-Pr), (1 equiv) 391 MesSi
OH (+)-DIPT (1.2 equiv) O.., |
-BuOOH (0.6 equiv) OH
> + "
-20 °C, CH,Cls H —
racemic mixture 49% 48%
ee > 99% ee >99%
(S)-enantiomer reacts faster ~ (R)-enantiomer recovered
iesSH Mes3Si
Pr 7 versus 74
= OH H—oH
H =
\/Pr
= steric hindrance

fast K

slow K

(+)-DIPT (+)-DIPT



Jacobsen epoxidation

Mn salen (5 mol %) o Q

NaOCl

—\ N He /N H i =N N=
Ph Me - ! Mn
CH,Cl, Ph Me | tBu o' %o tBu
84% ee = 92%

t-Bu t-Bu

Chiral Mn(lll) Salen

Sodium hypochlorite generally used as an oxidant
Works on unactivated alkenes, better with (Z)-olefins

Mechanism not fully understood, oxo-Mn(V) species probaly involved

=N, ;N_
/Mn
t-Bu o ll™o t-Bu
0

t-Bu t-Bu

Mn(V)-oxo



Jacobsen epoxidation — ligand synthesis

: <)
O 2

—N N=
Ko,COg
t-Bu OH + >
t-Bu H2N NH2 £-Bu t-BU
(2 equiv)
salicaldehyde ethylene diamine chiral salen ligand
derivative derivative
Mn(OAc)5.4H,0
NaCl, H,O

_N\ /N_
,Mn
t-Bu o 1% t-Bu
Cl
t-Bu t-Bu
Optically active diamine obtained by resolution
- O =
" + e+ “
H,N  NH, HsN  NHj H,N  NH,
"0,C COy”
HO  OH

tartric acid



Jacobsen epoxidation — application MCRRCTK
Synthesis of Indinavir

aaaaaaaaaa

Ph
S N OH 4 OH
X I\/N N, 3 I S s P~ 3
N Y ) (INDIvAN S
3 | 400]

HN S0 © g

t_Bu == Ciplg c=—x \ =

HIV protease inhibitor

Used in combination with antiviral agents AZT and Lamivudine (tritherapy)
This combination reduces the amount of virus to undetectably low levels
3 g per day dose needed in Indinavir (1 kg per year per patient) = need for very efficient synthesis

Complex structure with 5 stereocenters



Jacobsen epoxidation — application MECRC K

g Ph
YN OH OH
3 o)

HII\I&O
t-Bu

Ph
OH
A cl o, NH/\ . 9 H s
P L _NH g
N ; 5

HII\I&O

t-Bu
OH

H2N8

Jacobsen epoxidation ———> U

Retrosynthesis



Jacobsen epoxidation — application

Ph
N N OH OH
(Nj/\ QN\)\/Q‘/H'. 3
3 o) 8

Co

Mn salen (5 mol %)
NaOCiI

L
>

CH,Cl,
79%

HII\I&O
t-Bu

t-Bu t-Bu

i =N N= |
\ Mn \
! / ~ 1
' -Bu o l> t-Bu !
! Cl !

MRRCK



Shi epoxidation

OJ( organocatalyst
L
Ow : 0 cat. iMeo/\/OMei
-0 0O ! !
CeH > CeH13 . DME !
CBHB/\/ 6113 CﬁH13/<l/ ________________ ;
+ =87 _OH
K 57o~o-FH =oxone ee = 95%
oxidant K2COg3 (pH = 10.9)

buffer/DME - basic conditions

General asymmetric epoxidation of (E)- and (2)-olefins

Organocatalyst prepared from (D)-fructose

o)
OH O)( o)
)l\ O o /°

0
e e s
HCIO,, 0 °C OH "t, CHoCl SN0

O\" : 9)

HO 53% )ro 93% )ro

Y



Shi epoxidation - mechanism

HSOs

—

o;%’ o<

O 0 O 0 -
v/ v/ Baeyer-Villiger
dioxirane . oH  Side-reaction
o Y \To Y o

o 0-

- / -
\\‘)—'O © \\‘)—’O SOy’

Ooo

rd

S0,

IO

‘)—6 0—0

\ \
SOy

Wang, Z.-X.; Tu, Y.; Frohn, M.; Zhang, J.-R.; Shi, Y. J. Am. Chem. Soc. 1997, 19, 11224-11235.
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Shi epoxidation - rationalization

X
R! O _Rs oR3
>_\; K - O .."§1’(R2 "y RZJ
R20 RS H 6 /O

O7KO

Favored Dlsfavored

Steric interaction

Spiro approached is proposed
Selective epoxidation of one face of the alkene due to steric interaction with the acetal moiety.

Good selectivity with di- or tri-substituted olefins, terminal alkene are not good substrates.



Kinetic resolution of terminal epoxides

Asymmetric
epoxidation o
R - > R/*<I
Unactivated terminal Enantioenriched epoxide
olefin
Kinetic resolution OH
@) X0
——————————————— > < + Nu
R/Q NuH, cat* R/\, R/'\/
Racemic epoxide Enantioenriched ~ Enantioenriched

Available, easy to access epoxide alcohol

No general method

Kinetic resolution as an alternative



Hydrolytic kinetic resolution of terminal epoxides

Co* salen (0.2 mol %)

0 OH
9] CH3CO2H (04 mol /o) .0
H,0 - Q OH
H3C/Q + 2 e N + H3C/k/
51025 °C, 12 h

(05 equiv) 44% yield 50% yield

ee =98.6 % ee =98%
: N EN_ :
: % :
| :CO\ |
' t-Bu Ol o t-Bu !
| OAc !
5 tBu  tBu |

Chiral Co (lll) Salen

High difference of rate between the two enantiomers of the epoxide (k ., > 400).

rel
Both enantioenriched epoxide and diol are valuable compounds.
Yields limited to 50% in both products.

Extensions to other Nu have been developed (ex = TMSN;, NH,Boc...)

E. N. Jacobsen et al. Science 1997, 277, 936.



Kinetic resolution of terminal epoxides - examples

E. N. Jacobsen et al. Science 1997, 277, 936.



Asymmetric Sharpless dihydroxylation - hypothesis

OH
< _Ph 0OsQ, cat., NMO )\l/Ph O
Ph" X~ >~ Ph * E j
tBUOH / H,0 OH N
Me

syn-diol, racemic
N-methylmorpholine
By-product of the reaction

Accelerate the rate of the dihydroxylation
(good ligand for Os)

OsOy, cat., oxidant
OH

[l12"Y amine* ligand
PP - ph/k(P“
tBuOH / HQO OH

syn-diol, enantioenriched

Screening of chiral tertiary amines and particularly natural alkaloids (Sharpless)



Asymmetric dihydroxylation - ligands

Identification of two cinchona alkaloids

not enantiomers

MeO OMe

dihydroquinine dihydroquinidine
DHQ DHQD

High selectivity in asymmetric dihydroxylation when attached to an aromatic group

phthalazine ligands

N=N N=N
0 o 0 Q
DHQ W/ ‘DHQ DHQD \ 7 DHQD
DHQ,PHAL DHQD,PHAL

U-shaped binding pocket



Asymmetric dihydroxylation - conditions

OH
Ph\:/'\Ph
OH

ee>99.5%

K20502(OH)4 cat., K3FG(CN)6 KQOSOQ(OH)4 cat., K3F€(CN)6
KQCO& MeSOQNHQ K2CO3’ MeSOQNH2
DHQ,PHAL oh DHQD,PHAL
- Ph/\/ >
1BUOH / H,0, 0 °C 1BUOH / H,0, 0 °C

K,0s0,(OH)4 = non-volatile source of OsO, generated in situ
KsFe(CN)g = oxidant

K,CO3; MeSO,NH, = additives facilitating the regeneration of the catalyst

Pre-formed mixture commercially available, ready to use

K;Fe(CN)g (3 equiv)
K,CO; (3 equiv), Lig-PHAL (1 mol %)
K,0s0,(0OH), (0.2 mol %)

AD-Mix a (Lig = DHQ)
AD-Mix B (Lig = DHQD)

OH

Ph
Ph/'\r

OH

ee=99.8 %

« This alternative asymmetric oxidation is probably the best asymmetric reaction of all »

(in Organic Chemistry, J. Clayden)



Asymmetric dihydroxylation - mechanism

R2
L* = DHQ or DHQD R [3 + 2] cycloaddition
L* L*-0s0,
ligand coordination f' R’
OSO4 /\.‘
organic 2H:0 ’
layer 20, K2CO4
aqueous
layer o OH _diol liberation
HO_T _OH o (ligand exchange)
,OS\\ R
HO™ | O
OH
Os(VIII)

re-oxydation

2K 4Fe(CN)g = Fe(ll) 2K3Fe(CN)g = Fe(lll)



Asymmetric dihydroxylation — mnemonic

DHQD HO OH
Rs Ry
minor steric hindrance AD-Mix B

\ AD-Mix a
« Attractive area » Re b R
Hyd.rophobi_c interactions major steric hindrance HC;‘ -
-1t interactions pba m T |
EWOrkS well with |
R1 R2 !
RzJ\/R3 RV\/R2 R1& R1/§E
Poor selectivity with
S = small R
M = medium A R R

L = large



Asymmetric dihydroxylation — Application of mnemonic

DHQD - B



Application — medicinal chemistry

= O

Melatonin agonist Key intermediate Available and cheap
starting material

Option 1: Jacobsen epoxidation

Ph  Ph

3 Mn salen ! _N\Mn/N_
X m-CPBA _ t-Bu o ICl\O t-Bu

-70°C, CH,Cl, . tBu B

66% ee = 74% o Chiral Mn(ll Salen |

Moderate yield and ee, m-CPBA hazardous on large scale (shock sensitive, potentially explosive)

Not suitable on a preparative scale

J. S. Prasad et al. Org. Process. Res. Dev. 2003, 7, 821.



Application — medicinal chemistry

Melatonin agonist Key intermediate Available and cheap
starting material

Option 2: Sharpless asymmetric dihydroxylation

K20$O4 2H20 (0 2 mol %
(DHQ),PHAL (0.8 mol %)

K2COs (3 equiv) MeC(OMe), OAc Cl
O KSFe(CN)G (3 equV) TMSCI @) : Cl O OAc
X > +
tBuOH/H,0

90% ee = 98% \ /

~

BuOK
THF

N@)
90% yield (2 steps) O Q
ee = 98%

J. S. Prasad et al. Org. Process. Res. Dev. 2003, 7, 821.



Application — total synthesis of a natural product

Bn, Bn,
ADmix-B, MeSO,NH,

Py Mt MY
TBDPSO\J/\<¢%\V/Z\",N\“ﬁ) . TBDPSO\V/\\/}\\/}\"/N\“ﬁ)
oy tBUOH/H,0 i L%

spontaneous
lactonisation

)

O
TBDPSO L

OH

A

A

Only one diastereomer observed
97% yield

(-)-Sundiversifolide
Potent naturally occurring herbicide

M. Shindo et al. Org. Lett. 2008, 10, 1247.



Pericyclic reactions



Diels-Alder cycloadditions



Diels-Alder cycloaddition - generalities

Diels-Alder

Z cycloaddition
+ ~ |
NS

conjugated alkene cycloadduct
diene = dienophile

2 created o bonds
1 new &t bond

Discovered in 1928 by Otto Diels (1876-1954) and Kurt Alder (1902-1958) at Kiel University, Nobel Prize
in 1950.

Involves a conjugated diene and an alkene (dienophile), results in the formation of a 6-membered ring.
3 bonds formed, 3 bonds broken.

Alkynes and allenes are also good dienophiles in Diels-Alder cycloaddition.

Concerted mechanism, [4+2] cycloaddition.

One of the most used synthetic tools.



Diels-Alder cycloaddition — simple example

Synthesis of Captan, an agricultural fungicide

0 H O
7 A
NS
o) H o
\ NH5

H @ H
CCls Cl\S,CC|3
N-S - NH
H H




Molecular orbital interactions

LUM e
uMo » — 8/8 LUMO
\\ //’
N smaller energy gap
better overlap in "normal demand" Diels-Alder
HOMO

% N % 8/8 HOMO

< 7

diene orbitals alkene orbitals

T g g 2%
-

Normal demand Diels-Alder: electron-rich diene (HOMO high in energy) with electron-poor alkene
(LUMO low in energy)
Reverse demand Diels-Alder: electron-poor diene (LUMO low in energy) with electron-rich alkene

(HOMO high in energy)
From Organic Chemistry, J. Clayden.



Molecular orbital interactions

Orbital overlap in a normal demand Diels-Alder reaction

Molecular Orbital Interactions In The Diels-Alder Reaction
1 1
2 o7 6 2 6
| —
7 N 3 -
4 s 4
O O bonding

HOMO C interaction

of diene Q /0 /0
0 8 0
7 0/0 LUMO

bonding © —~C%_ of dienophile

dienophile interaction

L

Both reactive sites have constructive orbital
overlap between the lobes

This helps to explain why the Diels-Alder reaction
is favorable

From masterorganicchemistry.com.



Examples of normal/reverse demand D-A

OMe OMe
= CN CN
A —
S
OMe: +M CN: -M

electron-rich diene electron-poor alkene

versus
CN CN
— OMe OMe
1 —
N
CN:-M OMe: +M
electron-poor diene electron-rich alkene

normal demand Diels-Alder

reverse demand Diels-Alder

From masterorganicchemistry.com.



The diene

Diene must be conjugated.
Diene can be acyclic or cyclic.

Acyclic diene can adopt s-trans or s-cis conformations:

r’ A

s-trans conformation s-cis conformation
More stable but not reactive in D-A Less stable but reactive in D-A

To be able to react in Diels-Alder reaction, diene must be able to adopt s-cis conformation.

Excellent partners in D-A Unreactive partners in D-A

VY egies
X

s-cis conformation Unable to adopt a s-cis conformation
is blocked

In normal demand Diels-Alder, electron-rich substituents (alkyl, O- or N-substituents) facilitate the

reaction.



The dienophile

In normal demand Diels-Alder, electron-poor substituents (generally t-acceptor groups) accelerate the

rate of the Diels-Alder.

Common dienophiles:

0 0
HLR rCHO rCN HLOR
| | | |

O 0

O CO,R
| OR N’[( | |
OR | 0 N\\(N_
CO,R



Regioselectivity (normal demand D-A)

Substituents on diene/dienophile affect the coefficient in HOMO/LUMO orbitals. Bond created between
the two atoms possessing the largest coefficients in HOMO/LUMO.

Case 1: 1-substituted diene

OMe 9] OMe O
=
<3 .\ fj\oMe . @)LQMG +
O largest coeff. in HOMO Major regioisomer
O largest coeff. in LUMO
O

O
N MAOMG é/kwe +

Major regioisomer



Regioselectivity (normal demand D-A)

Case 1: 2-substituted diene

CN
c - — 1J
+
MeO MeO

O largest coeff. in HOMO Major regioisomer

O largest coeff. in LUMO

cF O

Major regioisomer



Danishefsky diene

Normal demand Diels-Alder

OMe
s

Hetero Diels-Alder

OMe

TMSO

TMSCI (2 equiv)
EtsN (2.3 equiv) OMe
ZnCl, (3 mol % Z

L
>

\H/CHO

OMe
CHO

“rry,

benzene, 45 °C TMSO

Two +M substituents
excellent partner in D-A

OMe
j)\ Lewis acid 0
> |

TMSO R

hetero Diels-Alder

Y

TMSO

aq. HCI J

CHO

aq. HCI

L2
O R



Stereoselectivity — disubstituted alkene

Y

c - o o
X CO,Me CO,Me

(2)-alkene cis-diastereomer
! !
diastereomers diastereomers
Y Y
. CO,Me COsMe
( + Jl/ >
X MeO,C “*CO,Me
(E)-alkene frans-diastereomer

Diels-Alder is diastereospecific



Stereoselectivity — disubstituted diene

Diels-Alder

Y

A: outside substituents
B: inside substituents

Easier to see with cyclic diene:

bridge = must be on the same side

! /
H
COMe  hiols-Alder 1 _co,me
+ | | > = /
H
H

H COzMe COzMe




Stereoselectivity — disubstituted diene

Examples with acyclic dienes:

Me

~ "H
X Me

H

(E, 2)-diene

COzMe

CO,Me

CO,Me

COzMe

Diels-Alder

Y

cis Me substituents

Diels-Alder

Y

trans Me substituents



Stereoselectivity — endo rule (1)

O H O H
H Diels-Alder H
- - / 0 _
O X T Q- —
H O
o) H o 0

endo adduct, major exo adduct, minor
less stable, kinetic product more stable

Under kinetic control (irreversible D-A), less stable endo adduct is formed preferentially

Explained by secondary orbital interactions between HOMO of diene and LUMO of dienophile

_. secondary orbital interactions

HOMO "primary" orbital interactions HOMO
"primary" orbital interactions
LUMO LUMO
exo transition-state endo transition-state

Lower in energy because of secondary orbital interactions



Stereoselectivity — endo rule (2)

With acyclic diene/dienophile:

Me o) Me O Me O

T :
yZ I)L H Diels-Alder OL H H
+ | >
\ - -
j) Me endo ma,. exo min.
g
via H "
NS
Me
endo approach
Mnemonic:
R
T . l/Z Diels-Alder
SR |
R
R: outside substituents Z: EWG endo maj.

R' inside substituents Z cis to outside substituents



Kinetic versus thermodynamic control

Endo product is the kinetic product. Under kinetic control, the distribution between endo and exo
products reflects the difference in energy between the endo and exo transition states.

Kinetic control is operating when Diels-Alder reaction is irreversible. Depending on diene and conditions
(temperature), retro Diels-Alder can occur, rending the cycloaddition reversible. Under such conditions,
reactants and products are in equilibrium resulting in a thermodynamic control. The most stable exo
adduct is formed preferentially and the distribution between exo and endo products reflects the

difference in energy (stability) between the exo and endo products.

B exo transition state

endo transition state

E
N
E
G <X
G ‘
starting D ,[b
materials Diels-Alder ) o0 procus

products g M exo product

(more stable)

Reaction coordinate



Reversible Diels-Alder - example

@o . - 40 °C, 48 h ﬁlw .
; @)
= CHSCN B
H™ O
@)
exo adduct, only product isolated endo adduct
more stable less stable

D-A disrupts the aromaticity of furan, retro Diels-Alder easier than with other dienes (ie possible at much
lower temperatures).
Endo product formed 500 times faster than exo but quickly reverts to starting materials. 1.9 kcal/mol of

difference in energy between endo and exo products.



Lewis/Bronsted acid catalyzed Diels-Alder

The presence of Lewis or Bronsted acid significantly increases the rate of D-A reactions by lowering the
LUMO of the dienophile (factors as large as 108). It modified the coefficients in the LUMO orbital
improving regioselectivity (by increasing the difference in magnitude between coefficients of the 2

carbons) and endo stereoselectivity (by increasing secondary orbital interactions).

LUMO H increased secondary orbital interactions
*H. stereoselectivity
~O/)\/ %
H

5 )\/ 8/8\8% versus or 8/8\8%

-~

H enhanced difference
LA. . O/)\/ regioselectivity

no catalyst

0 8-10 h, 140 °C
/ [¢)
+ HI\ 75%
N |

AICl,

\
@)

Y

1h,25°C
75%



Lewis/Bronsted acid catalyzed Diels-Alder

Simple examples

Regioselectivity
Me Me Me
= COzMe COzMe
R Gl .
X CO,Me
thermal 90 10
AICl;cat. 98 2

Stereoselectivity

rCO?Me H CO,Me
|: N .y ' C/I?T
COZMG H

endo exo

thermal 82 18
AlClycat. 99 1



Enantioselective Diels-Alder

Me. Me
ov)ﬁ(o
0
NQ 'N .
tBU  Cu  tBu

Me M TIO OTf
S
X 92%
0

Y

97% ee

Chiral bis(isoxazoline) ligand hindered one face of the dienophile rendering the reaction

enantioselective.



Diels-Alder application — Total Synthesis

See Fig. 2
10 ——»

— Dienophile (CO,Me CHO
MeOH, (CHO  15-Me _ endo) ¥ CHO
COzEt x0) 4 . Me
OHC/\/ 2 g » . =
15-Et Me (e 2.13A CHCly, 19 kbar
61% | 266 A7 4 G . 15%
(2 steps, 10-16) Diene o - (71% recovered 16) OHC
10 g scale 1 \ nic © Me COE COLE
yn carbon
16 17
(Me dr.=51:1
— anti) Ts,-1 from 11 e.r. =98.5:1.5
Lowest energy B3LYP transition structure RhCI(PPh3)3
(2.4 mol equiv.),
NO2
|/ DIBAL, THF, ~78 °C, n-PrCN,
H H | then MeOH, 119°C
N0z CH,Cl,, then n-BuLi, H 62%
— 19 kbar [i-PrPPh3")I”
—— - -
82% A 75% X
2 > COEt
19 18
1.25 g prepared
KHMDS,
THF, -78 °C,
t-BuOK, THF, then
then H0, H H e H H (cocly,,
then 0 TN O DMSO, NEt,,
DMDO, -78 °C Ph CH,Cl,, =78 °C
- = —
57% 66% OH 78%
= =
21 22

Pseudopterosin : family of diterpene marine natural products with anti-inflammatory and analsegic properties

M. S. Sherburn et al. Nature Chem. 2015, 7, 82.



Diels-Alder application in biotechnology

Advantages of Diels-Alder reaction for biomedical applications:
proceeds readily in water

with well chosen partners, can go to completion at room temperature without any catalyst

Partners of choice : furan and maleimide

— 5 Diels-Alder
+ I Navvnnnnne R > NAarvvanane R
= fast, total la
O O

R R ligation



Nanoparticles for intracellular anticancer drug delivery

hydrophobic part
)‘L —r’an/O
. L
mH Al ?‘69 Amphiphilic copolymer
0
\
/ jne; NH A=
HO”\%/” \/\fg "/quran functional group

hydrophilic part

self-assembly
hydrophobic core

Self-assembly of nanoparticles (NPs) in water

hydrophilic corona

pH 5.5, 37°C

Dlels-AIderl l X
.

Antibody anti-HER2
/™ Overexpressed on breast and ovarian cancer cell surfaces

Grafting of NPs with an antibody using D-A

D-A adduct  fo,

M. S. Shoichet et al. Adv. Funct. Mater. 2009, 19, 1689.



Nanoparticles for intracellular anticancer drug delivery

Linker
o)
0
0 OH N’NH N .
/ Maleimide
OH
g o)
OMeO OH O o
OH OH
NH, NH;
Doxorubicin (DOX) Modified Doxorubicine

One of the most effective chemotherapeutic anticancer drugs
(acute leukemia, malignant lymphoma, breast cancer)

Modified DOX @

>

Objective: intracellular delivering of DOX selectively in cancer cells



Nanoparticles for intracellular anticancer drug delivery

B SKBR3 ® HMEC-1
24 h 48h 72h

: N

U''Eehd B e I B D L

140

120 1

% Viable cell number relative to controls

NP-anti HER2-DOX 80 -
60 -
SKBR3 = cancer cells
HMEC-1 = normal cells 40 A
ok + o O + o+ of +  GF
oF £ ¢ ot P P of PT P
o & L& o 8
& S &
S & E

Free DOX cytotoxic towards both cancer and normal cells (= side effects)
NP-anti HER2-DOX more selective towards cancer cells

NP-anti HER2-DOX more cytotoxic than NP-DOX (enhanced intracellular uptake and apoptosis)

M. S. Shoichet et al. Adv. Funct. Mater. 2009, 19, 1689.



Shape-memory elastomers

O O (1) 130 °C, N, 3 hrs o O

OH
HO_L_OH + Ho™ {5 0oH - No%o%n

(2) 130 °C, 100 mTorr, 48 hrs OH

o 0
CHCl5, DMAP, TEA
Iy + X SRR AL
W\O 80 n \ ] O 0 °C, 24 hours
OH 0 ]
70
0 O
No%o%
770 92°C O
+ -

\—/

- @)
2-9 days Y—N

<; (O O\\.‘"\ o M :)\OMOH
PO 6 o

Final covalent adaptable network

synthesis of a pre-polymer

functionalization with furan groups

cross-linking through D-A

C. J. Bettinger et al. Biomacromolecules 2013, 14, 2162.



Shape-memory elastomers

Molecular Scale Macro Scale

Legend

% € Furan group Initial state - linear
@ Maleimidel group
G g €@ DA adduct
l 25°C, +¢ '
\’\Q’\f'g Elastomer shaped into helical structure at rt
A/\_. Residual stresses induced in the polymeric network
l 120 °C, 24 hours '
* Heating at 120 °C, retro D-A favored
Cross-link temporary lost, stress released
|~
92 °C, 24 hours '
Temperature decreased to 92 °C, D-A favored
ﬁ%@& Cross-linked network recovered
X

The whole process reprogramms the network into a permanent helical geometry

C. J. Bettinger et al. Biomacromolecules 2013, 14, 2162.



Shape-memory elastomers

T < Tg : material can be reshaped, shape is arbitrarily fixed (ex = linear)

Once T > Tg, the material returns to its permanent programmed shape (helical)

See the video !

Very interesting for biomedical application

C. J. Bettinger et al. Biomacomolecules 2013, 14, 2162.



1,3-dipolar cycloadditions



1,3-dipolar cycloaddition - generalities

R
. ! +
1,3 dipole QY\\ A concerted R
. 7
process . (*Y\ 7 5-membered ring
|/
dipolarophile /— R

Formation of 5-membered rings by cycloaddition = need for an unsaturated compound (= alkene, alkyne)
and for a 3 atoms, 4 electrons molecule (= 1,3-dipole).

Concerted mechanism, [3+2] cycloaddition.

Common 1,3-dipoles: see the table.

In this course: nitrones, azomethine ylides, azides, nitrile oxides, diazoalkanes.



Frontier molecular orbital

1,3-dipole dipolarophile

Two modes of interaction are possible:
(1) HOMO (dipole) / LUMO (dipolarophile)
(2) LUMO (dipole) / HOMO (dipolarophile)

Will depend on the nature of the reactants, 3 mains cases



Frontier molecular orbital — Case 1

Case 1: dipoles with HOMO of high energy level 1,3-dipole dipolarophile
« HOMO-controlled dipoles » or nucleophilic dipoles LUMO 8 8 8

HOMO 8_._8_.—(1) -8—8— oo

HOMO (dipole) / LUMO (dipolarophile) interaction is predominant
Nucleophilic dipoles: azomethine ylides, carbonyl ylides, nitrile ylides, diazoalkanes.

Reaction is faster with EWG groups on the dipolarophile (decrease of the LUMO energy level).

Example:
1,3-dipolar

- 4 cycloaddition N*N

H,C=N=N + A > |\/\
diazomethane

X =EWG no X X =EDG

| | | |
2 CO,Et A pPh 2> 0By ZNH,

11 200 000 4300 2000 1 no reaction relative rate



Frontier molecular orbital — Case 2

Case 2: dipoles with LUMO of low energy level 1,3-dipole dipolarophile
LUMO-controlled dipol lectrophilic dipol
« controlled dipoles » or electrophilic dipoles U6 8 8 8 "

LUMO (dipole) / HOMO (dipolarophile) interaction is predominant
Electrophilic dipole: ozone.

Reaction is faster with EDG groups on the dipolarophile (increase of the HOMO energy level).

Example: 1,3-dipolar o
O+ N cycloaddition 0" o
AN + >
0”& Z X |/
X
ozone
X =EDG no X X=EWG
| | I |
Me Cl Cl
= Cl =z
%Me ZMe = %CI \|)\CI

97 000 80 000 25 000 22 1 relative rate



Frontier molecular orbital — Case 3

Case 3: dipoles with HOMO and LUMO of medium energy level 1,8-dipole dipolarophile

ambiphilic dipoles uvo  FB4- 2

Ambiphilic dipoles: nitrile imides, nitrones, carbonyl oxides, nitrile oxides, azides.

Ambiphilic dipoles can interact with dipolarophiles either through their HOMO or their LUMO depending
on the electronic nature of the dipolarophile.

Electron-poor dipolarophiles: HOMO (dipole) / LUMO (dipolarophile)

Electron-rich dipolarophiles: LUMO (dipole) / HOMO (dipolarophile)

Any substituent on the dipolarophile will accelerate the reaction.



Regioselectivity

+ ~ N
Y. - — y4 Z
PAATAN + [— —_— or
Z & = <_< g_/

mono-substituted Two regioisomers can be envisioned

alkene

Essential to know the nature of frontier orbital interaction to determine the regioselectivity.

Generally, atoms with the larger coefficients in HOMO and LUMO which are involved to form one of the

two new bonds.

Example:
-+ o
diazomethane H,C—N=N carbon has the largest coefficient in HOMO
nucleophilic dipole -
(HOMO) /‘
methyl acrylate «—\ o
(LUMO) p « CO,Me p-carbon has the largest coefficient in LUMO
N,
N major regioisomer obtained



Regioselectivity

Be careful, steric effect can compete:

>

+

N

N

R—=—CO,Me

R=H
R =Me
R =iPr
R = tBu

R COzMe

Regioisomer
predicted with
orbital frontier

intercations

100
63
19

0

N

~

°N
MeO,C R

Other regioisomer

37

81
100



Stereospecificity

A s E Y2 R 2
IS N7+ /—\  E— oINS NT —/ —
Z & R R : 7 & R g—/
R R R R
(2)-Alkene R substituents (E)-Alkene R substituents
in cis in trans

When disubstituted alkenes are used, geometry of the double bond totally reflected in the relative
stereochemistry of the two substituents in the product.

Reaction is stereospecific.



1,3-dipolar cycloadditions with nitrones

General scheme

1,3-dipolar ! N

I+ cycloaddition R2 . R?2 .
RZWN~O- R R - ~§ o ~§ O

RS R4 R4

2 created bonds
3 stereocenters

Formation of substituted isoxazolidines
(E) and (2) nitrones generally under equilibrium through isomerization process.

Consequence: isoxazolidines generally formed as a mixture of 2 diastereomers.

Stereospecific with respect to the geometry of the double bond.



1,3-dipolar cycloadditions with nitrones

Synthesis of nitrones

From reaction between aldehyde and hydroxylamine

+ 1
O R HO.R EtsN
211\ + “NH - > U\ _ >
RT H OH R2">H - H
From oxidation of imines or amines
R 6\&,R1
L o I
RZ ~H RZ ~H
,R1 6 + R’I
HN “N°
[O] N
X — I
R2 H R2 H

Common oxidative agents: MeReO;-H,0,-urea, oxone, KMnO,,

From oxidation of hydroxylamines



1,3-dipolar cycloadditions with nitrones

Regioselectivity

Regioselectivity directed by the dominant frontier orbital interaction.

Nitrones = amphiphilic dipoles so regioselectivity highly dependent on the nature of dipolarophile

largest coefficient
in HOMO

R’I
largest coefficient SEWG , N
in LUMO R 0
EWG
R1
I 4+
2 -
RNVNT)
largest coefficient largest coefficient major regioisomers
in LUMO in HOMO
R1
1
2 _N
> R No)
largest coefficient ;—4,
in LUMO EDG

largest coefficient /\ EDG
in HOMO



1,3-dipolar cycloadditions with nitrones

Application: access to 1,3-amino alcohols

i)\ 0 Bn 1,3-dipolar

1+ cycloaddition
- OJ‘L"’&N\O— + Me/\/COZBn >
PN

—

R (menthol)

Bn Bn
1
RO,Cu. N“O RO,C N”O
BnO,C  Me BnO,C  Me
30% 30%

Mixture of diastereomers
Separated by flash chromatography

Ho
PtO, cat.
MeOH
DCC Rozcj/\'\fz
= H
39% (2 steps) HO,C ©

Me

N-O = weak bond, can be cleaved to give amino-alcohols (LiAlH,, Zn/AcOH, H,/Ni or Pt or Pd cat)



1,3-dipolar cycloadditions with nitrones

Application: intramolecular cycloaddition

O

H/Q."'/\/ILOMG
CO,Me
Me’Nﬁ’ OH = H2, Pd Me
MeOH
H 99%
PhCOCI, pyr
93%
COQMG

Me’N\r 0

Ph
hor

O

F. A. Davis et al. Org. Lett. 2010, 12, 4118.

MeReO3
HoO,, urea D O
" A o
1 +
O.
Al(O-Bu),
110 °C

@)

+ :

- MeOSO,Me

\RCOZMG -~ \xjecoaMe
H 49% (3 steps) V H



1,3-dipolar cycloadditions with nitrones

Application: cyclic nitrone

MOMO, ,OMOM

O
Z /§ + -~
+N NI\OB” 110 °C, toluene

O. 44%

1/ BuzSnH, AIBN

-
-

2/ HCl aq
32% (2 steps)

A. E. McCaig et al. Tetrahedron 1998, 54, 9429.



1,3-dipolar cycloadditions with azomethine ylides

Resonance forms of azomethine ylides

R3S R2 o R
+ J\© /) +
R4J\\r|\1 R N R4 II\I/J\R1
R5 R5

Preparation of azomethine ylides

- through iminium formation and deprotonation

R3 + R3\ +
o : l\{/\COZR"’ base I\{/\COZR“
N
R1JLR2 + R3HN C02R4 - R1J\R2 R —— R1 R2
iminium formation deprotonation
- from a-cyanoaminosilanes
uF-n Q \@ ~ + \@
NC/\II\I/\SiMeg o NSJ/\N/ ll\l/
R1 |Iq1 R1

Generation of azomethine ylides has to be done in situ, in the presence of the dipolarophile



1,3-dipolar cycloadditions with azomethine ylides

R4
., =0 I—)\
R3/§ll\l/\R1 + A Re > R3‘[N R
R? R2

Access to substituted pyrrolidines

Azomethine ylides = nucleophilic dipoles, will interact through the HOMO, reaction favored with EWG
groups on the alkene (especially when intermolecular)

Regioselectivity depends on the nature of R! and R3: one o bond formed between carbon atom with the

highest coefficient in HOMO of the ylide and carbon and carbon atom with the highest coefficient in the
LUMO of alkene.

Stereoselectivity depends on the conformation of the azomethine ylide.



1,3-dipolar cycloadditions between azides and alkynes

General scheme — Thermal conditions

- A SURELN SUINELN
R1-N=N=N + R2——H —— N_ NT s N\_(NS
R25 4 R2
azide alkyne
= dipole = dipolarophile 1,5-triazole 1,4-triazole

Reaction is slow: prolonged reaction time, high temperature required

Lack of selectivity: both regioisomers obtained, difficult to separate

N N

PhO neat e -
Ny Ph + = — &, NN NN
3 — 92°C, 18 h 8=/ \—S
OPh PhO

1:1.6 ratio



1,3-dipolar cycloadditions between azides and alkynes

Copper (l)-catalyzed Azide-Alkyne Cycloaddition (CUAAC)

e N ] Cu(l) cat. SUINEL NV
-N—N= + — _— \_<
rt to moderate A “*R2
azide alkyne _
= dipole = dipolarophile 1,4-triazole

Tremendous acceleration of the reaction rate: 107 to 108
Reactions can be run at rt or under moderate heating
Perfect regioselectivity towards the formation of 1,4-triazoles

Easy work-up (filtration, extraction), no need for chromatography

Tolerant towards a wide array of functional groups

Compatible with water as solvent, broad range of pH tolerated (4-12)

Limited to terminal alkynes (see the mechanism)

K. B. Sharpless et al. Angew. Chem. Int. Ed. 2002, 41, 2596.



Click reaction

Click reaction = connexion of 2 building-blocks to furnish a more complex molecule

High yield High selectivity No purification

Wide scope Simple
o O
CLICK & COLLECT Fast
Atom economy
Benign solvents Mild conditions

Compatible with

including water _ , o
physiological conditions

B. Sharpless: « CUAAC is the premier example of click reaction »

K. B. Sharpless et al. Angew. Chem. Int. Ed. 2001, 40, 2004.



Application of CUAAC

Drug discovery Chemical biology

CuAAC

R-N; + R2—=

Materials chemistry

Alkyne/Azide: available materials. Bioorthogonal functions.



CuAAC - Mechanism

N a R—=—H [Cu] -
N” "N— \ : formation of a copper acetylide
protonolysis >_<_ [Cu ~ R—=—H o + 1i-coordination of a 2"d copper
R H copper ni-coordination
H+
[Cu]
N. o |
N “N-R R—=—=—Cu
R '[Cu] Wk Ny—R'
R R
. _ . Cu] @
ring-contraction [ N @, N
N//N N:":\"[Cu] - ) \f[C”] coordination of the azide

=< NN S
R cul R—=—=Cu

formation of a 6-membered
copper metallacycle

Cu(l) generally generated from Cu(ll) salts in the presence of sodium ascorbate as a reductive agent.
Different from thermal 1,3-cycloaddition, step-wise mechanism (not concerted)

Established based on calculations, bi-nuclear copper intermediates isolated

V. V. Fokin et al. Science 2013, 340, 457. From www.organic-chemistry.org



Application of CUAAC: chemical biology

Identification of cellular targets of bioactive molecules

Most of the marketed drugs have unidentified cellular target and/or mechanism

Cellular target Y, )

identification 2
- Better understanding of activity - ldentification of undesired targets
- Synthesis of more active molecules - Synthesis of more selective molecules
- Original target discovery - Decrease of side-effects

- Innovative therapeutic strategy - Less toxic treatment



Application of CUAAC: chemical biology

Hutchinson-Gilford progeria syndrome

Extremely rare genetic disease causing an accelerated aging of
children.
Due to a mutation of LMNA gene encoding for lamin A and C.

The mutation causes misshapen nuclei and altered chromatin

organization.
No effective existing treatment, average age of death is 13 years

old.



Application of CUAAC: chemical biology

Identification of an active compound

treated abnormal cells
Cl

untreated abnormal cells

normal cells

Extensive screening: identification of an active molecule.
Restoration of nuclear circularity.

Complete nuclear-shape rescue after 12 h of treatment without affection of the cell cycle.

But mode of action and cellular target both unknown.

R. Rodriguez et al. Science 2014, 344, 527.



Application of CUAAC: chemical biology

Towards the identification of the cellular target

Option 1: localization of the bioactive molecule through direct labelling

Chemical Incubation Fluorescence
transformation with cells microscopy o
M > M — F - » cellular localization
: . F
bioactive
molecule

fluorophore

- Problem: fluorophore are big molecules displaying
various functional groups.

- Will modify the cellular behaviour of the active

molecule.

Alexa Fluor 594 Azide

- Lack of fiability for the observed results.

R. Rodriguez et al. Nat. Rev. Chem. 2018, 24, 202.



Application of CUAAC: chemical biology

Towards the identification of the cellular target

Option 2: in cellulo labelling through in cellulo click reaction

azido-fluorophore

F
F
. : / Fluorescence
Incubation with cialls N JEN\N microscopy
M then freezing Triton X N
[Cu] cat. M

Sodium ascorbate
Slightly modified
bioactive molecule "Click!"
with pendant alkyne

cellular localization

- Labelling occured after the incubation, bioactivity and localization of the molecule not disturbed by the

presence of the fluorophore.

- Alkyne = small function that generally does not affect the bioactivity of the molecule (have to be

checked).

- Alkyne and azide not present in living cells (= bioorthogonal functions), click reaction is selective.

- Cellular localization gives some clue about the target and biological mechanism.

R. Rodriguez et al. Nat. Rev. Chem. 2018, 24, 202.



Application of CUAAC: chemical biology

Towards the identification of the cellular target

Pull-down experiment: how to fish the cellular target?

azido-biotin
B
2 /
. ) 7 N .
Incubation with cells N3 . Streptavidin
M > M _ > )1 N —> Cc
then freezing Triton X N Purification
: LCu] cat M Identification
bioactive molecule a3 Sodium ascorbate
"Click!"
cellular target C

- Based on the strong biotin/streptavidin interaction.
- Most of cellular targets are proteins. Can be identified through mass spectrometry (generally associated

to liquid chromatography, LC/MS)

T
I

R. Rodriguez et al. Nat. Rev. Chem. 2018, 24, 202.



Application of CUAAC: chemical biology

Synthesis of a clickable analog

Cl Cl

Alkyne introduction does not affect the bioactivity towards abnormal cells.

Excellent candidate for pull-down and imaging experiments.

R. Rodriguez et al. Science 2014, 344, 527.



Application of CUAAC: chemical biology

Incubation with cells
M >
then freezing

bioactive molecule

Pull-down experiment

azido-biotin
B
B /
Nid N,
M _ - /ﬂ:.uN
Triton X N
[Cu] cat. M
Sodium ascorbate
c "Click!"
cellular target C

Identification of a protein target: NAT10 by (LC/MS)/MS

R. Rodriguez et al. Science 2014, 344, 527.

Streptavidin

> C
Purification
Identification

Cl

2\
= /

s

N’



Application of CUAAC: chemical biology

Imaging experiment

azido-fluorophore

F
B /
Fluorescence
Incubation with cells N, microscopy
M - : > )I N » cellular localization
then freezing Triton X N
[Cu] cat. M

Sodium ascorbate
Slightly modified
bioactive molecule "Click!"
with pendant alkyne

Cl

NAT10

Red = NAT10 Green = labelled M Yellow =

colocalization of
M and NAT10

NAT10 targetting confirmed (+ complementary experiments)
R. Rodriguez et al. Science 2014, 344, 527.



Application of CUAAC: chemical biology

Towards innovative therapeutic strategies

Identification of the protein target open the way towards new therapeutic strategies against Hutchinson-

Gilford syndrome

CN

Normal HGPS = glmode“n
fibroblasts AG11498 = 807
Q
¢ ©
- g 601
7 = o
N
S—/< % 40
@
NH = & 20+
Ny 2 =
2 ®
= 0
& Normal HGPS HGPS
fibro AG11498 AG06297

More active analog
Remodelin

R. Rodriguez et al. Science 2014, 344, 527.



Application of CUAAC: Cu(ll) detection

Copper: transition metal essential to life but highly toxic if present in excess in the body

Liver damage in children exposed to high dose of copper suspected.

Need for efficient and practical analytical methods for the measurement of Cu?*ions in environmental
and biological samples.

Colorimetric methods are attractive, particularly if the presence of Cu can be detected by the naked eye.
Concept: exploit gold nanoparticles that are colored at very low concentrations (nanomolar) when

dispersed but lose their color upon aggregation.

Dispersed Au NPs Aggregated Au NPs
Colored Not colored



Application of CUAAC: Cu(ll) detection

ik
i ™ \ 32 vig
- o ;m N
fi 24 ,_,‘ )“ \: 9
Cu* R o
S (B 5]
e

17 \ i f
ST RIS L
sodium ascorbate 'k@",,‘“ @:
I \ Fiv
\

- |
N=N
CH,CH; N\/»CONH-

O 0O
HSCgH20CNH(CH,CH,0),CH,CH,NHEC=CH 1

HSC1oH20CNH(CH,CH,0),CH,CH,NHCCH,CHoN=N=N 2

HSC;1H2(0OCH,CH;),OH 3

Preparation of 3 thiols (S has a high aurophilicity):

1: alkyne functionalized thiol

2: azide functionalized thiol

3: stabilizer and spacer

Preparation of 2 families of Au NPs by ligand exchange (Alkyne Au NPs and Azide Au NPs)

In the presence of sodium ascorbate (reductive agent) and Cu?*, aggregation of the Au NPs caused by

click reaction occuring between alkyne and azide functions.

X. Jiang et al. Angew. Chem. Int. Ed. 2008, 47, 7454.



Application of CUAAC: Cu(ll) detection

0.50
1 b

0.25

- bl 0.00 v v \
I : I 400 500 600 700 800
' . Wavelength / nm

In the absence of Cu?*: pink solution while in the presence of Cu?*the solution turned colorless.

Absorbance

Easy to monitor by the naked eye but also with UV/Vis spectra.

Limit of detection is ca. 50 uM (cannot compete with methods using sophisticated instruments but very

interesting for detection by the naked eye alone).

Very selective towards the detection of copper ions, method can be applied in complex mixtures.

sosssassassas
HEENEXEENNEERLES
Mg* Ca* Ag*

AuNPs AP*  Zn* Co* Mn* Fe* Pg** Na* K* i

X. Jiang et al. Angew. Chem. Int. Ed. 2008, 47, 7454.



Application of click reaction: drug discovery

Fragment-based drug design

Family 2 of molecules

® A

O
&

In vitro tests

\with targeted protey

ligands selection
l Covalent linking = synthesis

o & o e

l In vitro tests with targeted protein

Optimization

hit selection R

drug candidate R B |



Application of click reaction: drug discovery

Fragment-based drug design

Family 1 of molecules Family 2 of molecules

® A

O
&

In vitro tests

\with targeted proteV

ligands selection
l Covalent linking = synthesis long process

o & o e

l In vitro tests with targeted protein

Optimization

hit selection R

drug candidate -4 3



Application of click reaction: drug discovery

Protein-templated click chemistry

P _

[ Y / N
Protem ¥—>
Protein-templated
. N, \ triazole formation
w ﬁ

.‘NJ
Two families of ligands prepared: azide-ligands and alkyne-ligands.

Initial building
blocks

Targeted protein acts as a template to bring close to each other azide-ligand and alkyne-ligand with high
affinity for different but closed binding sites.
If the orientation of the two molecules is appropriated, click reaction occurs without any Cu(l) catalyst.

Isolation of the formed triazoles (1,4 or 1,5) leads to identification of hits.

A. K. H. Hirsch et al. Chem. Eur. J. 2016, 22, 14826.



Application of click reaction: drug discovery

Example: Inhibition of endothiapepsin (pepsin-like aspartic protease)

Aspartic protease: role in several diseases (Alzheimer, hypertension, AIDS).
Endothiapepsin = good model (high degree of similarity, high stability over time at rt)
Molecular modeling and docking based on a X-Ray structure of the protein (cristallized in the presence of

small molecules 1 (purple) and 2 (yellow))

In silico screening of various triazoles (green) to design the libraries of azide and alkynes.

F116 ' \
2

A. K. H. Hirsch et al. Chem. Eur. J. 2016, 22, 14826.



Application of click reaction: drug discovery

Protein templated click reaction

a) R1~N/\§/R2 ——— Ry—N3; + Ry;—H
N3
é ¢
pCI =3 3
m-Me =6
p-OH =7 H =4 5
H =8 m-CF3 =10 "
o-F =9
RZ—=
é - /M NH, HzNg
g o)
13 14 15

Azides prepared from the bromo-derivatives.
Alkynes prepared through Sonogashira reaction.
Incubation of 13 molecules with the protein (2 weeks).

LC/MS monitoring to identify the formed triazoles

A. K. H. Hirsch et al. Chem. Eur. J. 2016, 22, 14826.



Application of click reaction: drug discovery

Hit selection and biological activity test

-Cl19 18

O

N:=N
g et “z"‘ﬂﬁﬂi
HN \N J N"N

20

21

Four triazoles formed 17-20 (21 = negative control for the end of the study)
Synthesis of these molecules through CuAAC.

IC,, measurement (inhibitory activity against endothiapepsin):

Inhibitor 17 18 19 21

ICc, (LM) 43 94 121 no inhibition

A. K. H. Hirsch et al. Chem. Eur. J. 2016, 22, 14826.



Copper-free click reaction

Main drawback of CuUAAC: toxicity of copper salts.
Examples: - exposition of zebra fish to 1 mM CuSO, + 1 mM sodium ascorbate let to embryos death in
less than 15 minutes

- incubation of Escherichia coli with 100 uM CuBr for 16 h stops the cell division

Detrimental for the use of CUAAC for in vivo bio-imaging.

Alternative strategy: use highly strained and consequently reactive alkynes to facilitate copper-free 1,3-
dipolar cycloaddition with azides.

strained alkyne strained alkyne
— F —_—

F O
fluoro groups enhance reactivity

by lowering the LUMO
@) HO
possible site for ligation

possible site for ligation HO2C

Mixture of triazoles obtained (generally not a problem for biological applications)

Synthesis of the cyclooctyne needed

C. R. Bertozzi et al. Angew. Chem. Int. Ed. 2009, 48, 6974.



1,3-dipolar cycloadditions between azides and alkynes

Ruthenium (ll)-catalyzed Azide-Alkyne Cycloaddition (RUAAC)

_ Ru(ll) cat. SUINEL SV
R1-N=N=N + R2——H E —
rt to moderate A R2 *
azide alkyne
= dipole = dipolarophile 1,5-triazole

[Cp*RuCl] are efficient catalysts
1,5-triazoles obtained regioselectively (complementarity with CuAAC)

Compatible with internal alkynes (mechanism different from CuAAC, no Ru-acetylide formed)



RUAAC - Examples

Terminal alkyne

OH OH OH Cp*RuCI(PPhs), (2 mol %) OH OH o
" "Nj + AN > 7 NTN
H o : = \
OH OH H 60 C, dioxane OH OH N=N
Internal symmetrical alkyne
Og~NHBn
o) HO Cp*RuCI(PPhs), (2 mol %) N j/
— N* °N
N + — :
BnHNJ\/ ’ OH 60 °C, dioxane ﬂ
’ HO OH
78%

Internal non-symmetrical alkyne

N3 Cp*RuCI(COD) (2 mol %)
/©/ + Ph—:J( > g/ Ph
OH rt, toluene /©/

OH

Z~Zz
W
prd

93%

More electronegative and less sterically hindered carbon of the alkyne
reacts with terminal nitrogen on the azide

V. V. Fokin et al. J. Am. Chem. Soc. 2008, 130, 8923.



1,3-dipolar cycloadditions with nitrile oxides

General scheme

+ - R' 1,3-dipolar cycloaddition
R—=N-0 + /=/ >
Rl
Nitrile oxide
Linear dipole (E)-alkene
+ - 1,3-dipolar cycloaddition
R—=N-0 + //\ >
R' R'
Nitrile oxide
Linear dipole (2)-alkene
+ - 1,3-dipolar cycloaddition
R—=N-0 + R——= >
Nitrile oxide
Linear dipole

Interaction HOMO (dipolarophile) / LUMO (nitrile oxide) generally favored.

R /N*O

Rl 'Rl
trans-isoxazoline

R /N*O

R' R'
cis-isoxazoline

R /N ‘O
RI
isoxazole



1,3-dipolar cycloadditions with nitrile oxides

Dimerization

. 1,3-dipolar cycloaddition N'O‘ltl’o
R——=N-0 + R——=N-0O » )\ I(

Side reaction occuring with unhindered nitrile oxides.

Resulting heterocycles are called furoxans, can be cracked to regenerate nitrile oxides under extreme

conditions.
Hindered nitrile oxides (R = t-Bu, Mesityl) stable enough to be isolated.

Due to this lack of stability, nitrile oxides often generated in situ from stable precursors.



1,3-dipolar cycloadditions with nitrile oxides

Synthesis of nitrile oxides: 2 main methods

(1) From nitro-alkane dehydration

B9 @ o- _
X't o+ G — R)()"ko - R\@N&O > R—=N-O + PhNH,
H H Noop H H;\)\O\- Hﬂ/go

nitro-alkane  phenylisocyanate IIDhL\/ PhHN + CO,

(2) From oxime oxidation

N C|2 or Ph|C|2 R Ns *
"o - "X o-H o+ o —— R Mon + Hol
a1’ H
H Cl
EtN
- RN, -
R—:N+—O - (\r/ O + Et3NH*
Cl



1,3-dipolar cycloadditions with nitrile oxides

Application: ring-opening of isoxazolines

Isoxazoline complete reduction: access to 1,3-amino alcohols

+ - R0 LiAIH, NH2 OH
R—=N-0 + ,/—= — > AR

R R'

syn-1,3-amino-alcohol
(maj. dia)

C=N and N-O reduction

Isoxazoline partial reduction: access to aldol type products

Raney Ni or [Pd]
+ - R R\S/N‘o Hp
R—=N-0O + /=/ — —_—
R’ .,
R' R' Rl Rl
"anti aldol" adduct

NH OH

selective N-O reduction

Raney Ni or [Pd]

__F - R0 Ha
R——=N-0O + //\ — - - .
R' R' -

Rl

"syn aldol" adduct



1,3-dipolar cycloadditions with nitrile oxides

Application: intramolecular reaction in the synthesis of Biotin

PhN=C=0 ~ )
S _— —_— 0O
/\/ /6~ + ) S [il\ H
O,N _NUON=Z S
)
H all-cis ring junctions
H
BNy s
+ 58\/ LiAIH,,
i
HN” “NH 7 steps LiAIH,
H H -~ -~
CO,H
s\ 2

Attack of the hydride
from the outside face of the molecule



[2+2] thermal cycloaddition



Thermal [2+2] cycloadditions: generalities

Reaction is not possible between two « classical » alkenes under simple heating

-
-

8 8 HOMO

--- bonding interaction
--- antibonding interaction

2 bonding interactions, 2 antibonding interactions = no reaction



Thermal [2+2] cycloadditions: generalities

Reaction possible with peculiar alkenes possessing 2 double bonds on the same carbon

R
y=0=0 P B N=c=0 FE Y
R R R R
ketene isocyanate
2 ntbonds at 90 °
O O extra p orbitals
I y P
j )CIJ\ A Z of the second alkene
+ —_—
ketene cyclobutanone :‘ . LUMO
o Hg HOMO
I O
j + G _A | f --- bonding interaction
N. N . .
R ‘R --- extra-bonding interaction
isocyanate B-lactam

--- antibonding interaction

Additional presence of the p orbital of the second alkene offers 2 extra-bonding interactions,
making the reaction possible.



Cyclobutanone synthesis — formation of ketenes

From acyl chloride

O

Me>|)]\
H Cl

Me

Acidic proton

From dichloroacetyl chloride

O

o1 K
Y Cl

Cl

Very acidic proton

EtsN

Et;N

From trichloroacetyl chloride

Ketenes are generated in situ, risk of dimerization.

Cl\HtP'

Cl

L5I_ i 0
Me%l Elimination _ o
Me Me)l\ Me
ketene
Lal_ i o |
_ Elimination o
C|)J\C|

Zn

L
>

ultra-sounds

Cl

O
Il

C

N

Cl

dichloroketene

dichloroketene




Cyclobutanone synthesis — Regioselectivity

most electrophilic carbon  most nucleophilic carbon

i i H
0 ] @ N
CI>HL A i 4
cl - Cl
H Cl )j\Cl

Cl [2+2] Cl H

Y

dichloroketene
Zn

AcOH

The most nucleophilic carbon of the alkene adds on the most electrophilic carbon of the ketene
(regioselectivity).

The two chloride atoms can be removed by reduction using Zn in AcOH.



Cyclobutanone synthesis — Diastereoselectivity

Alkene geometry

O o) O
TR / e % /
| + )CII\ — | + )(I;\ 2 +
(2)-alkene cis-cyclobutanone (E)-alkene Mixture of trans and cis cyclobutanones

trans/cis = 2:1
- Exclusive formation of cis-cyclobutanone from (2)-alkenes but mixture of diastreomers obtained starting

from (E)-alkenes.
- Isomerization in favor of a stepwise mechanism.

Unsymmetrical disubstituted ketenes

O O
R & R R & R R R
A —— | KK
H{~ H H ]-. H O// R
R'H R' H
R' = larger substituent all-cis-cyclobutanone

H = smaller substituent

- Approach of ketene and alkene from the least hindered direction results in the formation of all-cis
cyclobutanone.



Cyclobutanone synthesis — Application

Total synthesis of Ginkgolide B

* Extracted from the root bark of Ginkgo biloba.
* Anti-inflammatory effect, improves blood circulation.
*  Polycyclic molecules, cage structure, 11 stereogenic centers.

« Several total syntheses described, first one was reported by Corey et al. in 1988.




Cyclobutanone synthesis — Application

[2+2] ketene cycloaddition in the total synthesis of Ginkgolide B

MeO @)

T ~EBu - 1/(COCI),, benzene wt-Bu  Ph3CCOgH
/ 2/ n-BugN, toluene 86%
CO,H 80%

E.J. Corey et al. J. Am. Chem. Soc. 1988, 110, 649.



Synthesis of B-lactams

B-lactams = key motif in a several antibiotics

0

Om N
o 3 R
o/ OH 0% OH

Core structure of penicillins Core structure of cephalosporins



Synthesis of B-lactams — Staudinger synthesis

)

O I @)
. EN C . NP 2+2] NPh
HH)I\CI } CI)I\CI HJLPh Cl
Cl 100% ci Ph
dichloroketene imine

- Often with N-aryl imines (stability)

- Stepwise mechanism is generally proposed.

- Nucleophilic attack of the nitrogen to the C=0 electrophilic carbon to form an iminium as the first step
followed by ring closure by intramolecular addition of the enolate to the iminium

- When disubstituted unsymmetrical ketenes are used, diastereoselectivity depends on the nature of the

substituents on ketene and imine (depends on the rate of the ring-closure).

NR3
R, = EDG
R, = EWG R1 R2
O / cis-p-lactam favored
NR3

\ 0
Ry = EWG thR3

R1 ’ ’R2
trans-p-lactam favored



Synthesis of B-lactams — Staudinger synthesis

Synthesis of a spirocyclic pharmacophore
Classical batch method

O SOCly, pyr Q
so e g
(@) (@) ]

0
Et;N
l—
87% Bn/N o
BnN” >NBn  BFs-OEt I
kNJ BV LiAIH,
Bn Acl | 817
O HCOO_NH4+ O
Pd/C
%
HN EOH N
Bn

H. Sorensen et al. Org. Process. Res. Dev. 2015, 19, 2067.



Synthesis of B-lactams — Staudinger synthesis

Synthesis of a spirocyclic pharmacophore
Flow method

FT-IR 14 N-methyl 16 BPR Receiver

Flow cell piperidine flask
I'L
Bn”~ ( >
16 PC
0.8 Min DCM
O 0-40 °C (0]
( "
. @ @ { IR probe }—{BPR*}— [
| 2 mL Bn” o)
(neat) 17
* BPR = back pressure regulator

o)
o~ O
14
1.05 M in DCM

H. Sorensen et al. Org. Process. Res. Dev. 2015, 19, 2067.



Synthesis of B-lactams

What about another disconnection?

o o O=C=NR
O
. NR +
Tg NR — I(I) + ||\ Er—..l,\l.,.R —
AN [N = =\,

[2+2] cycloaddition between alkene and isocyanate also leads to B-lactams.

As alkenes are not strong nucleophiles, a strong EWG is required on the N-isocyanate to reinforce its

electrophilicity.

R = SO,Cl often used (commercial availability of the isocyanate, easy to remove after the cycloaddition).

Mechanism is concerted with « neutral » alkenes: HOMO alkene / LUMO isocyanate interaction. Bond is

formed between the terminal carbon of the alkene and the C=0 carbon of the isocyanate)

SOLCl
S0,CI 0

O=<C= \t Na Hc;o3 NH

- Stepwise mechanism favored with electron-rich alkenes such as enol ethers or enol thioethers.
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Outline

- Asymmetric synthesis of substituted carbonyl compounds (CM)

- Stereoselective aldol and allylation reactions (CM)

- Enantioselective oxidation reactions (AG)

- Enantioselective reduction reactions (CM)

- Pericyclic reactions (Sigmatropic rearrangements, cycloadditions) (CM, AG)
- Examples of total syntheses of bioactive compounds (AG, CM)
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Challenges with structurally complex bioactive compounds

Me Me Me (&

Discodermolide

Halichondrin B From extracts of a marine sponge (Discodermia dissoluta)
From extracts of a marine sponge (Halichondria okadai) Immunosuppresant, antitumor agent
antitumor agent (60 g produced by total synthesis — Novartis )
Total synthesis: Kishi, Y. et al. JACS 1992, 114, 3162 Clinical trials stopped (pneumotoxicity)
MeO 0
/ Me G
/,S /” \_

(= o ) H -
Halaven- T 3
0.5mg/ml s = NS s orvmen e et
S :{’fw Olysio
e e (S (simeprevir) Capsules

Eribulin mesylate (Halaven®) _ _
A simplified analog of halichondrin B produced by total synthesis (62 steps!) - SlmepreV|r_ (Olysio®)
Anticancer agent (breast cancer, liposarcome) Inhibitor of hepatitis C virus NS3/4A protease

Structural complexity

Multiple functional groups | o> Efficient and selective
P group - synthetic tools

Multiple stereocenters




Selectivity in organic synthesis

Regioselectivity
A regioselective reaction is one in which one direction of bond making or breaking occurs
preferentially over all other possible directions

IUPAC definitions (http://goldbook.iupac.org)



Selectivity in organic synthesis

Chemoselectivity
Chemoselectivity is the preferential reaction of a chemical reagent with one of two or more

different functional groups

IUPAC definitions (http://goldbook.iupac.org)



Selectivity in organic synthesis

Stereoselectivity
The preferential formation in a chemical reaction of one stereoisomer over another.
When the stereoisomers are enantiomers, the phenomenon is called enantioselectivity.

When they are diastereoisomers (diastereomers), it is called diastereoselectivity.

Enantioselective reaction : from an achiral substrate
Diastereoselective reaction: introduces one (or more) new stereocenter(s)

A process is termed stereospecific if starting materials differing only in their configuration are
converted into stereoisomeric products

IUPAC definitions (http://goldbook.iupac.org) 5



Chiral drugs: Importance of enantioenriched compounds

The asymmetry of bio(macro)molecules allows for a differentiation between the enantiomers of a substrate:
Enantiomers have different affinities at receptor sites, rates of metabolism (and metabolic pathways)
and pharmacokinetic properties

0 o)
The tragedy of thalidomid 0 Q{ O
N, N
( NH NH
O (8)@ @) (8@
o

Thalidomid was sold as a racemate (@)
Thalidomid racemizes in vivo anyway Sedative, hypnotic Teratogenic action
(used to alleviate morning (by inhibition of angiogenesis)

sickness for pregnant women)
Chiral drugs (50%) are not always marketed as “enantiopure” compounds but the biological properties of
enantiomers (or stereoisomers if appropriate) has to be carefully evaluated

In recent years, most chiral drugs approved (by the FDA) were produced as enantiomerically pure compounds

Some drugs previously sold as racemates are also developed as de novo enantiomerically pure compounds



Examples of chiral drugs

NH, OH
' N _Me . HCI
HS
>('\COOH h
Me Me Me028~N Me
H
D-Penicillamine Sotalol
(chelating agent used to treat Wilson's disease — Cu %) (S) and (R) enantiomers both have antiarythmic activity
The (S) enantiomer is toxic (optic neuritis) but only the (S) acts as a -adrenergic antagonist

N-N CO,H
@ Br/« »\SN
NMe, N

’ I

NC
/\
Escitaprolam Lesinurad
(used for treating depression, obsessive/compulsive disorders) (used for gout treatment)
reformulated as a single enantiomer since 2014 (fewer side effects claimed) marketed as a racemate



Diastereoselective synthesis

+

o
k . .
Chiral substrate S ! Diastereomeric

roducts
& p T S 2
I P A

Energy A
AG, 2

kgT oy
Eyring equation k= —E- e RT

Diastereomeric transition states TS1 and TS2

Under kinetic control (assuming first order reaction)
the selectivity factor depends on A(AG:':)

s = [P.J[P,] = exp (—(AG F—AGT)/RT)

A P,

o
Reaction coordinate



Enantioselective synthesis

AGE P
Achiral substrate S Enantiomers
WL_P
+ ent-P
AGent-P
i
_ﬁ_‘TSent-P
|'..l I|I ¢
"I AGent-P
|
|
'-|
|
| ent-P

Reaction coordinate

With achiral reagents -> enantiomeric transition states

P and ent-P are formed at the same rate (kp = Kenpt.p)
The racemate is obtained



Enantioselective synthesis
1

AGp =
Achiral substrate S Enantiomers Enantioselective synthesis requires a
Kent-p source of asymmetry (chiral reagent/catalyst : L*)
s ont-p to generate diastereomeric transition states
AGent-p
N ]
ATSent-P E
AN |
/ |
||| AGent.p — E
I| :
|
]ll !
\ |
'|l :
II‘
\ ent-P
2 P and ent-P not formed at the same rate
[P] > [ent-P]
>

Enantiomeric ratio

Enantiomeric excess
Reaction coordinate

[P] |[P1-[ent-P]|
er = ee (%) = X
[ent-P]

100
[P]+[ent-P]

er=90:10 —» ee=80%

10



Enantioselective synthesis

AGE , P
Achiral substrate S Enantiomers Enantioselective synthesis requires a
Kent-p source of asymmetry (chiral reagent/catalyst : L*)
\1\ ont-P to generate diastereomeric transition states
AGent-p
Energy A . 1
TSent—P :
4 1
/ Ilt'| t E
'||| AGent.p — E
ll] i
‘. :
||| :
\ |
l\
| ent-P
—
A(AGi) (kcal/mol)  Product ratio* *at 293K (20 °C)
0 50:50
> 0.5 70:30 <«—— at-20 °C, 73:27
Reaction coordinate 1.0 85:15 at-80 °C, 79:21
1.5 937
2.0 97:3
3.0 99.5:0.5

11



Typical energy values

Bond dissociation energies (kcal/mol)

HC=CH  (231) HC=C-H (133)
C=N (213) H
H,c=C, ~ (110)
H,C=CH, (174) H
C=0 (179) Ph—H (108)
C=N  (147) HeC-H  (104)

H,C-F (108) CH4CH,—H (101)

HaG,
H,C-CH;  (90) HHg(':'C'H (99)
H,C-NH,  (87) .
HC-Cl  (84) H3HC3('::C'H (96)
H,C-Br  (70) y
HC—l  (56) Er?LH (85)

Hydrogen bonding (wide range of energies 0.2-40 kcal/mol)

e g ;
- ~ - ~ - ~
)LO'H ~Pon MesgH- g HoN e

(7.4) (3.2) 2.2)

Steric interactions

X X
- Y XY
Eclipsing interactions —
H H H
H H 2=
Y #H

(1.0) (1.4) (3.1)
CHj CHs
Gauche interaction ——
H H H H
CHs H
(in kcal/mol) (0.0) (0.9)

12



Typical energy values

Steric interactions _
A values (Eliel values)

H .
§ X axial X X A (kcal/mol)
i CN 0.20
> F 0.25

- equatorial X
C=C-H 0.41

H H X H H
H X
H H OMe 0.75
H H H H

COOEt 1.1
NO, 1.1
HC=CH, 1.7
Me 1.8
Et 1.9
iPr 2.1
SO,Ph 2.5
Ph 3.0

t-Bu 5.0



Typical energy values

Steric interactions

H § X axial X
H
>
- equatorial X
H H X H H
H H
H H
H X
H H
H H H H
Me _'ﬂL 1,3-diaxial interaction Me  syn-pentane interaction
Me 3.7 kcal/mol Me 3.7 kcal/mol
H il RS |
H _d
~~J
H H

A values (Eliel values)
X A (kcal/maol)

CN 0.20

F 0.25
C=C-H 0.41
Cl 0.50
OMe 0.75
COOEt 1.1
NO, 1.1
HC=CH, 1.7
Me 1.8
Et 1.9
iPr 2.1
SO,Ph 2.5
Ph 3.0
t-Bu 5.0

14



Typical energy values

Steric interactions

axial X

! I GO
H H
H H

Me _'ﬂL 1,3-diaxial interaction
Me 3.7 kcal/mol

Allylic strain

( Ro, _ RE
\F—\R(Z)

AIIyI|c 1,2-strain (A'?)
If R = Me and R, = Me
3.0 kcal/mol

A

equatorlal X
H
H H
H X
H H

Me syn-pentane interaction
Me 3.7 kcal/mol

~ -

~— -
H :

1
~'~.I

R R

H @ w_x«
Allylic 1,3-strain (A1®)
If R = Me and Rz = Me

3.9 kcal/mol

A values (Eliel values)

X A (kcal/maol)
CN 0.20
F 0.25
C=C-H 0.41
Cl 0.50
OMe 0.75
COOEt 1.1
NO, 1.1
HC=CH, 1.7
Me 1.8
Et 1.9
iPr 2.1
SO,Ph 2.5
Ph 3.0
t-Bu 5.0

15



Access to enantioenriched compounds

Achiral substrate

16



Access to enantioenriched compounds

Sl Pl*
Achiral substrate
Achiral reagent
Separation of P, and ent-P;
rac-P; — by preparative chromatography —
using a chiral stationary phase
ent-P*

17



Access to enantioenriched compounds

Hydroxyacids
Aminoacids
Carbohydrates

Terpenes
Alkaloids
Bulk chiral intermediates

CHIRAL POOL

Sl Pl*
Achiral substrate

Achiral reagent X* Chiral base or chiral amine

. fractional
X crystallization

rac-P;, ——» Pf. X¥ —— P/AX*
ent-P,*= X* W

Resolution ("dédoublement”)

18



Asymmetric synthesis

Diastereoselective Hydroxyacids
reaction Aminoacids
—\ % K K
S1=X > Pri=X Carbohydrates
CHIRAL POOL
Terpenes
Attach . Cleave X+ Alkaloids
chiral auxiliary X chiral auxiliary € Bulk chiral intermediates
Chiral reagent/catalyst
i > Enantioselective >~ P =
Achiral substrate reaction Deletion of stereocenters and/or

addition of stereocenters
(via diastereoselective reactions)

functional group interconversions
(via stereospecific processes)

19



Asymmetric (multi-step) synthesis

Diastereoselective Hydroxyacids
reaction Aminoacids
Sl—X* ' Pl*—X*
Carbohydrates
Y CHIRAL POOL
Terpenes
Attach . Cleave N Alkaloids
chiral auxiliary X chiral auxiliary Bulk chiral intermediates
Chiral reagent/catalyst
> Enantioselecti > ity =~
: nantioselective )
Achiral substrate reaction Deletion of stereocenters and/or
addition of stereocenters
(via diastereoselective reactions)
functional group interconversions
(via stereospecific processes)
Stereocenters can also be Linear approach
generated during the coupling steps P (% .. P.(*
Ps(*) n-3( )7 1 n ( )
Pr—Py()—Ps() T\
P, (%) ! iterate
Py | ——= Pr—Py) Py =Py~ ~Po(*)
e hemrry —
Pg==Py(*) P~ Pr(")

Convergent approach

20



Synthesis of chiral e~substituted carbonyl compounds

Problem
(@) . 29 @)
HoJﬁ( ---------------------------- > ZJ§*<R
H H H R

ADVANCED SELECTIVE ORGANIC SYNTHESIS (ASOS)

21



Synthesis of chiral e~substituted carbonyl compounds

Problem
1 . 27 >
HOJ§< ---------------------------- > zJﬁ*(R
H H H R
Derivatize SRREEEEEEELEEEEEEE LR Y*H  ammmmmmmmeeeeen Derivatize
Attach chiral auxiliary ! . Cleave chiral auxiliary
O MYO ~ O

Diastereoselective
reaction

22



Synthesis of chiral e~substituted carbonyl compounds

Problem
O - 27 0]
HOJ§< ---------------------------- > zJﬁ*(R
H H H R
Derivatize R EEELCEE LT Y*H — ------meieoe--- 3 Derivatize

Attach chiral auxiliary

Diastereoselective
reaction

Issues - Which type of derivative should we form ?
- Choice of chiral auxiliary (accessibility, structural features) ?
- How can we generate the enolate and control its configuration ?
- Regioselectivity of electrophilic trapping ?
- Control of the diastereoselectivity ?
- Cleavage of the auxiliary (derivatization reactions) ?

- Racemization of the product ?

Cleave chiral auxiliary

23



Enolization of carbonyl compounds with amide bases

@) OLi
R J\I R
YJ\ + Li—N —> v + H—N
H R R
Pt
"Hard enolization" with lithium amide bases | OLi
| Y& + R'3SiCl
Y Me Ot-Bu NEt, i
|
pKa 19-20 (H,O) 24.5 (H,0) 30 (H,0) E l
26.5 (DMSO) 30.3 (DMSO) 35 (DMSO) i
| OSiR’
| .
Me Me i Y& + LICI
SiMe; )—Me Me . silyl enol ethers
Li—N Li—N Li—N emmmmemme—oeoooe-
SiMe Me Stable and isolable
3 Me>_ Me™ e enolate equivalents
LiIHMDS LDA LiTMP
pKa 26 (THF) 36 (THF) 37 (DMSO)

30 (DMSO)

24



Regioselective enolization with amide bases

OLi O OLi
Me LDA Me LDA Me
- .
kA kB
Differences in the rate of proton Enolate B~

Enolate A~
removal by the base kj > kg Thermodynamic enolate

Kinetic enolate
Regioselective deprotonation under non-equilibrating conditions

Energy—

A~ + IPrNH B~ + iPr,NH

Reaction Coordinate

25



Kinetic/thermodynamic enolates

OLi OLi
©/Me ©/Me

(Kin) 99:1
(Th) 10:90

OLi OLi

(Kin) 99:1

OLi OLi
i Me i Me

(Kin) 90:10

OLi OLi OLi OLi
@ @ AN e
(Kin) 71:29
(Kin) 99:1
OLi OLi

}\/ n-Pr Me)\"' n-Pr

Me Me (Kin) 84:16

m /@ (Th) 13:87
MO A MO B
A A

OLi OLi

M=Li) (Kin)87:13
(M=K) (Th)47:53 }\( Me Me)\( Me
M Me

(t-BuOK/t-BuOH) e
(Kin) > 99:1
P p OLi OLi
Ph

0, 0 A s
MO MO

Only enolate Only enolate with (Kin) 14:86
with LDA (Kin) 99:1  t-BuOK/t-BuOH (Th) 1:99

26



Stereoselective enolization with amide bases

R
o Li—N oLi oLi
R
YJ\rMe - A Me o Y)\
H THF, -78 °C Me

(2) enolate (E) enolate

Stereoelectronic requirement
o C-H bond must be able to

overlap with the carbonyl = system
Cyclic transition state

H (Ireland model)
Y with LDA 2 (E)
OMe, Ot-Bu 5 : 95
St-Bu 5 : 95
Et 23 : 77
iPr 40 : 60
t-Bu 100 : 0
Et,N 100

27
JACS 1976, 98, 2868; J. Org. Chem. 1991, 56, 650



Stereoselective enolization with amide bases

R
O Li=N OLi OLi
R
YJj\rMe - Y)\/Me + Y)\
H -78 °C Me
Y Base, Solvent (2) (E)
MeO LDA, THF 5 ; 95
MeO LDA, THF/HMPA (77:23) 85 ; 15
MeO LDA, THF/DMPU (55:45) 93 ; 7

Ireland, R. E. et al. JOC 1991, 56, 650

@
NMe, Jj\
Me. .Me
O=PR-NMe, N7 N
NM82 v

Hexamethylphosphoramide N,N'-Dimethylpropyleneurea
HMPA DMPU



Oxazolidinones derived from chiral 1,2-aminoalcohols

NH; HO  NH, . HO  NH
\ ; ' 2
HOZC_( —_— : :* *(
R —_— R 1
Aminoacids HO NH, :
both _ : COCl,, base _
( ota\?gigg;g)mers M?\/Ie R : or (EtO),C=0, A David A. Evans
. _ : (Harvard University)
R =iPr (valine) HO NH, : 0O
R = CH,Ph (Phenylalnine) / i iy _
. h 1 vans
R = Ph (Phenylglycine) Ph Me : QO NH  oxazolidinones
(non natural) Norephedrine ' )—(
1 R2
n-BuLi, THF, -78 °C
SOCI, or l
Cl o
Cl 0O O)LN'LI
HCONMe, 0 >_<
(DMF) (cat.) )l\/R R2
/ > Cl O O
CH2C|2 -78°Ctort \ )J\
Sn g o
HO R J H
tBu” ~ClI (PivCl) O O /4 R?
Et;N
\ 3 - t-Bu)LOJ\/R aC|d|ty ketone
THF -78°Ctort

29



Evans oxazolidinones : Alkylation reactions

M
LDA or M-HMDS o \ Electrophilic j])\ ')
(M = Li, Na, K) R reagent (E”) R
)L )l\r O)LN)‘% N
THF, -78 °C — ; — E
R' _ R E+ - R’

Electrophilic agent E*

high diastereoselectivity
(usually dr > 95:5)

Mel
PhCH,Br (BnBr)
BnOCH,Br

Br

R
Rl\%\/ Br
RZ

R"

2

Moderate
yields in general |

Br

N
“CN
/\

CO,R'

CH,R"
CH,CN

CH,CO,R"

Evans, D. A. et al. JACS 1982, 104, 1737; review: Heravi, M. M. et al. RSC Adv. 2016, 3, 30498
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Evans oxazolidinones : Alkylation reactions

M
LDA or M-HMDS o \O Electrophilic j])\ ')
(M = Li, Na, K) R reagent (E") R
)L )l\r O)LN)‘% N
THF, -78 °C \—( ; \—( E
_ R’ R'

high diastereoselectivity
(usually dr > 95:5)

R\E =0 R'\EC)):O

\M \M N
v VAN -
H y 0 H 0
R H—ZR
E E
0
+ =0

Reactive conformers

N—N
H\ s\ _ _
;R\?E_O for product enolization
are destabilized

by A®2 strain

31



Evans oxazolidinones : Cleavage of the chiral auxiliary

XX X
LiAlH,, THF  or
R 4 R
NJ\;’ > HO YY" + Q7 NH
E LiBH,, THF/MeOH or THF/H,O E \_Q
R' R
Examples also reported with NaBH, in THF/H,O
|
| |
j\ 0 )Cl)\ ' BnO JO]\/ |
. . | R |
R BnOLi (BnOH + n-BuLi) ' !
=& T B R
|
R R :
Racemization observed E By-products if R/E E
in some cases (R = Ar) Pd/C (cat.) ! substituents are hindered |
| |
| |
| . |
O o0 0 O . J]\/ .
. I R !
R LIOH I HO HN - |
OJLNJ\;’ > HOJ\./R + O)LNH o \ < g i
H E THF/H,O E H ! 3 !
| |
R R | (with LIOH) i

LIOH, 30% H,0, THF/H,O | et

- N0 racemization
- attack of the exocyclic C=0

Evans, D. A. et al. JACS 1982, 104, 1737; Tetrahedron Lett. 1987, 28, 6141



Alkylation of Evans oxazolidinones : Applications

Me 1. LiAlH,, THF, 0°Ctort

Me 1. NaHMDS
O O ' O O
J JK/@ THF, -78°C J 2. TsCl, Pyridine, 0-5°C ~ HO 2O Me
N > O0” N - >
z 3. Nal, NaCN, DMSO, 110 °C

\ < 2. Mel, -78° Cto rt \ < Me - , , -
4. KOH, H,0 li-'/le

97% B
n ethylene glycol, 100 °C
Et\ 7 \ 67% OMe
N=C=N NMe HN
N(CH,)sNMe,.HCI NQ_ 2 HCI. y
_Me CH,Cl,
EDCI DMAP EDCI, iProNEt
84%
_ _ _ _ DMAP (cat.)
MeO MeO- - -M Br
PING -H Oﬁl 97 Me  MgBr OMe v
Me M y—/ N._.O Me
w\/y € Me”
Me — HCl Mé ©
Mé ~— -
- H,0O THF, -20 °C to rt 2
e Me
- N Weinreb amide

stable tetrahedral

- Zn

o)
88% intermediate
Me | Me Me  Me M Me
0 Me  AICI; (excess) "
» O
CS,, -40 °Cto 46 °C
- 0 -: -:
: 40% Me Me
Himachalene
(insect pheromone)

33
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Alkylation of Evans oxazolidinones : Applications

)(])\ @) 1. NaHMDS )J\ O
OBn THF, toluene, -78° oBn 1. NaBH,, THF/H o OBn
I e o I
2. Allyl iodide H 2. Swern oxidation H NZ
Bn -78°C t0 -45 °C W 89%
75%
EtMgBr, ZnBr,
0
Bn’ 83% 1 Et,0,0°C
1. PivCl .
oH NaH (> 2 equiv)
0/\n’ S o Br” > COOH i
9) THF/Etzo 0O r Hi. /S/OBH
Et =~ TF | H3
I ' /_\O Oen | 88% A
Tr H)'),OBn
1. NaHMDS © L
250, THF, toluene, -78°C A
0 Br Cram
Z OBn
17NN H chelate model
-78°C to -45 °C H C§_/
Bn ;
, BnO =z (@)
B z y
no \ /vj\/OH
o N\n/o NaBH, O 5
_>
—»
PO N A
88% R
B N
OBn | OBn Br |solaurallene

(produced by a red algae,Japan)

34
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Alkylation of Evans oxazolidinones : Applications

PivCl, O NH

O o - O o0
0 EL.N J/ 1. LIHMDS
3 v )
Ph OJ\NJ\,N THF, -50 °C O)LN Ar
HO >\ >\ (80%)
toluene, 85 °C ", 2. BrCH,CN, -20 °C ",
F . Ph o CN 480g prepared
——r . .
Ar 5% (dr = 87:13, minor dia
removed by recrystallization) 1 NaBH. THEM.O
- Nabg, 2
73% | 2. Ph;COH, TFA
Tro Ar EtOchcozEt A toluene, reflux
NH,.HCl ~ TTO 1. LDA, THF, -10 °C Ar
NE - - TrO
EtOZC\rNH NaOAc, EtOH NC™ ™S 2. HCOOEt, -10 °C
100% 100% NC
CO,Et HO

Tr = Trityl = CPhy
93% | EtONa, EtOH

TrO Ar HO Ar H,N—=N HO
HCI NaOH F
NH EtOH NH H,0O NH  PNP405
EtO EtO 53% N
o) i o) | H o

(rhumatoid arthritis and T-cell
mediated inflammotory diseases) 35

J. Org. Chem. 2002, 67, 6612



Evans oxazolidinones : Hydroxylation

— Davis oxaziridine

JACS

1985, 107, 4346

Na 0 )
0O o o o JyaN N J\,R
NaHMDS l Ph *so,Ph |9
O N > O N > ‘—(
{5 THF, -78 °C \_‘ THF, -78 °C R 4/\(
R’ o | Na”~ SOzPh
'Y
/LN~
Ph SO,Ph
. : ; : : H SO,Ph
Lithium enolate is not suitable for this reaction >=N' 2 ‘/
The first intermediate collapses readily and the released Ph
N-sulfonyl benzaldimine reacts with the Li enolate Y
o O O O O
J\/R Mg(OMe), O)LNJ\/R quench O)LNJ\’R
MeO”™ - z - 2
SH MeOH \—( OH with CSA/THF \—( O\
R’ o R' a
at-78 °C
(dr > 95:5) - . =
NaO O
© )\NJ\’R
SO3H R’ 2
Camphorsulfonic acid )_'O
(CSA) O

36



Evans oxazolidinones : Amination

B Ko h - O O ] O O ]
o o "% L s L s
U r  KHMDS L ISR QN I AcoH [Q N %
N (N THE, 78°C | (N Yl Non —| NN
’_ [ ] Rl R'
H : 1 ]
R = Ry A = KN Tris- = H™ " Tris-
—+ - -
iPr
1 Qo o
Ns=$ IPr O)LNJ\/R
iPr ("trisyl azide") \—( |§|3
Triisopropylbenzenesulfonyl azide R’
1. H,, Pd/C (cat.), HCl or TFA
or SnCl,, MeOH
2. Boc,0, aq. NaHCO4
Juy i i
R 1. LDA, THF, -78 °C R R
0 NJ\( » O NJJ\._/ o) NJ\{
“{ & 2 Bo i . “{  NHBoc
R N=N EEQOC/ ~ncPoC R
Boc H
Di(tert-butyl) azodicarboxylate
37

JACS 1986, 108, 6395; 1987, 109, 6881, 1990, 112, 4012



Amination of Evans oxazolidinones : Applications

OMe OMe
0 B”‘/ 0
1. KHMDS, THF, -78 °C
e -
2. Trisyl azide, -78 °C
© o then AcOH
- 0 t-B
COt-Bu 86% COt-Bu 1. Ti(OBn),, BnOH
2. Raney Ni, H,
65% | 3. Boc,0O, ag NaHCO;
OMe 4.CF3COH, PhSMe BN
O NHBoc 5 PivCl, EtzN, THF then LINTrO
- NHBoc O
OBn 1 KHMDS, THF, -78 °C
- Bn
N3 B O 2. Trisyl azide, -78 °C
then AcOH
O )Nf} ¢ 85%
#° Y
OMe O
@)
OF4949-1
oNH;
y HN" "COH Inhibitor of aminopeptidase B
N (from Erlich carcinoma cells)
o \2/&0 38

JACS 1989, 111, 1063



Amination of Evans oxazolidinones : Applications

@)
- o 1 Me. J\ .Me
O
O O +
)J\ 1. LDA, THF, -78 °C O)LN Li v DMPU
0 > > \_/
\ ( 2. BocN=NBoc . N"KI B -718°Ctort
Bn Bocl 1 ' 63% Bn Boc '
= Boc -
1. LiOH, THF/H,0, 0 °C
o) 2. Allyl bromide, NaHCO3;, DMF
@) )J\ N
(R) Cl (@) Ph
\/\O)JYj (@) @)
(CbzCl) ™ ™
HN. iPr,NEt e 4M aq. HCl "0
= DMF HI\"N = di B ’N‘N
oo N 2hc ioxane oc \
L 65% (4 steps) Boc

(ee = 98%) Ph

Key intermediate in the synthesis of antibiotic NW-G101

\{/Hl}l

Produced by Streptomyces alboflavus
Active against Staphylococcus aureus

Org. Lett. 2011, 13, 4700 39




Evans oxazolidinones : Useful chiral auxiliaries

9] O @)
ZJJ\:‘/R ZJJV;’R ZJV.VR By reductive

0 Me CH,R" Ally] cleavage
o o o N
J R . NS
2
HO ZJJ\:*,R ZJ\:/R ZJ\?R :
OH NHBoc NH-NHBoc

through acyl chloride

Derivatization or mixed anhydl‘ide Z= OH, OMe; OBn
O Subsequent steps allow access to amides, ketones, aldehydes

and reaction with O~ "N-L .
Auxiliary cleavage/recovery
Y R’ Subsequent steps
)Ol\ ®) Base O/M\ Electrophilic )CJ)\ @)
. O +
R LDA or M-N(SiMej), reagent (E) R
o) NJ\/ > O)LN xR » O NJ\;
\ ( . Z
R' ( \ R’
RI
L E+ -

Reliable reaction which has found many applications in industry
Broad substrate scope (R substituent) and high diastereoselectivities

Alkylation reaction limited to reactive halides (Mel, Allylic bromides, Benzylic bromides)
S-branched primary iodides (ICH,CHR'R?) are poor substrates, secondary iodides not suitable

Cleavage of the auxiliary sometimes difficult (when R is relatively hindered)

Direct access to ketones with concomittant auxilary cleavage (addition of RLi or RMgX) is not possible 40



Myers alkylation (pseudoephedrine amides)

HOJ]\/R

1. (COCI),, DMF (cat.) or PivCl, Et;N
Me
T, EtN, CH,Cl,

2.
Ph\‘/\l}lH

OH Me (+)-Pseudoephedrine

H LiCl (6-7 equiv) (X
1 THF, -78 °C to 0 °C/rt
OH Me OLi Me

Ph OLi(THF),
&H OLi(THF),
N Me
N
v H
_ Y _
R'—X
.

Myers, A. G. et al. JACS 1997, 119, 6496

Bror ) Ph\‘/\ J\,R

OH Me

Works well for R'-X =

- reactive halides (Mel, AllylBr, BnBr...)
- n-alkyl iodides (Mel, Etl, n-Bul...)

- p-branched primary alkyl iodides

I/\*rR" I/\*rOR"

41



Myers alkylation (pseudoephedrine amides)

@)
oA
X

O
H,S0,, dioxane, A R")l\;/R
R

or n-Buy,NOH, t-BuOH/H,0, A

R"Li (2.4 equiv)
Me O LDAC(I~(61.95 equi)v) Me OLi Et,0, -78 °Cto 0 °C
H Li -7 equiv (X Br orl)
Ph R Ph R Ph R

| THF, -78 °C to 0 °C/rt
OH Me OLi Me OH Me

LIAIH(OE); (2.3 equiv)

THF/hexane, 0 °C
LiINH,BH; (4 equiv)

THF, 0°Ctort

0
HJI\;/R
OH R’
LR
R

42
Myers, A. G. et al. JACS 1997, 119, 6496



Other useful auxiliaries for ketone alkylation reactions

MeO
MeO MeO
.N
o H2N o\ o o
p-TsOH (cat.) I 1. LDA, THF, -78 °C I 03, CH,Cl,
Rl ' Rl - Rl)\’R - lel\rR
2 CeHe, reflux 2 2.R-X,-100°C/-78°C ) or Mel, then )
R Dean-Stark R R ag. HCl/pentane R

R-X = Mel, alkyl iodides, AllylBr, BnBr, BrCH,CO,t-Bu

RAMP/SAMP hydrazones: Enders, D. et al. Tetrahedron 2002, 58, 2253

Me Me

N
o  HN

OJ\O
Z\

zZ
J\O
Z\

j\

o

1 p-TsOH (cat.) I O 1.LDA, THF, -40 °C I 0O p-TsOH
R2 CH,CI,, reflux 2.R-X,-40°Ctort acetone 2
R2 R2 R
R-X = Mel, alkyl iodides, iPrl, AllylBr, BnBr

N-Amino cyclic carbamates: Coltart, D. M. et al. Angew. Chem. Int. Ed. 2008, 47, 5207; J. Org. Chem. 2010, 75, 8578

43



Bioactive polyketides

NH,

OH  Discodermolide (marine origin)
(immunosuppresant, antitumor agent)

Erythromycin A (from a strain of actinomyces)

(antibiotic)
OH Me Me
O . ~__oOH
Q OH oM
z : "Me R R
OH O OH O R'=H acetate unit
R'=Me propionate unit

Tedanolide (marine origin)
(cytotoxic activity)

44



Enolate geometry and diastereoselectivity of the aldol reaction

OML,, J(J)\
+
Y)\/ R H R
(2)-enolate

Zimmerman-Traxler
transition state model

OML,, 9)
YJ\ s

R
(E)-enolate

syn pentane Me

(or 1,3-diaxial) Me

interaction -I.
(3.7 kcal/mol)

after H,O

O
— YJ\E/-\R'
R

Zimmerman, H. E.: Traxler, M. D. JACS 1957, 79, 1920: Heathcock, C. H. et al. JOC 1980, 45, 1066 4545



Interest of boron enolates in aldol reactions

Short O-B and C-B bonds

O-M 1.6-2.2A O-B 1.4-15A
C-M 1.9-23A C-B 1.5-16A

(M = Li, Mg, Zn) - 1
O OH
OBL, O JJ\/:\
Iome |+ L —= — v R
Me
(2)
- - syn

Products are usually isolated after an oxidative hydrolytic work-up
(aqueous pH = 7 buffer / MeOH / 30% H,0,)

Evans, D. A. et al. JACS 1979, 101, 6101; JACS 1983, 103, 3099

46



Control of the enolate face selectivity

|||O
||O

O .
1. Enolization
YJH -
2. RCHO

Me

lel

How can one product stereoisomer be formed selectively ?

- Control geometry of enolate
- Control facial selectivity of enolate : Use of a chiral auxiliary (Y*)

Addition onto si face

N R N 4
| y )_OH = v’ T NTR
si face R}\ H
S w”=°
" R, N OH
re face Nu'l HNqu_OH— ) Nu/'\R

Addition onto re face

47



Control of the enolate face selectivity :

Aldol reaction

n-Bu, ,n-Bu

B
n-Bu,BOTf (1.2 equiv)

O O
O)LNJH IProNEt (1.3 equw) )j\ )\/Me
“—{ Me  CHCl,0°C \—Q 2)

iPr iPr
Tf = 802CF3
ipr Tfo‘s B iPr Tfo‘s Bu
B . > B .
AL3 Me H H Me
~ A
iPrEtN H iPr,EtN H

more stable and reactive conformer

Open transition state for enolization

48



Control of the enolate face selectivity : Aldol reaction

n-Bu, ,n-Bu n-Bu\ ;n-Bu H n-Bu\ .\n-Bu)H\
O O n-Bu,BOTf (1.2 equi O"B‘o Q o - B P or 0~ P R
2 .2 equiv) JL o) o0Z R 3 $ )
O)LN IProNEt (1.3 equiv)> O)LN x_Me H* R O)LN ~Me (\N ~ .Me
“{ Me  CHChLo0°C — @ > —y = ?%o
iPr iPr iPr

Tf = SO,CF
273 Chelate organization precluded in the TS

Ajﬂw 2L

n-Bu HnBu N n-Bu
I
.-B
;' >n-Bu
o}
Disfavored
O @) OH O O OH O O OH

iIPr iPr IPr \_"P Me

iPr

Steric interactions between oxazolidinone group (iPr) and RCHO major, dr > 99:1 (up to 99.9:0.1)
and dipole-dipole interactions are minimized in the favored TS

49



Evans aldol reaction

O o 1. Bu,BOTf (1.1-1.2 equiv)
)j\ iPr,NEt (1.2-1.3 equiv), CH,Cl,, 0 °C
O N >
2. RCHO, -78 °C

LR' Ra 3. aq. buffer (pH 7), MeOH, H,0,

@ High diastereoselectivities controlled by the oxazolidinone (even if R includes stereocenters)

@ Broad scope of aldehydes and Ra substituents (but not Ra = H)
@ Reliable process which has been used industrially

@ Only syn aldols are accessible by this method

50



Cleavage of the auxiliary

j)\ O OH (LiIOOH)
7 LiOH, H,0O,
o) NJ\_./\R -
\ < Me THF, H,O
RI
(Protection) :
O O OH(OP)
)]\ : LiBH,
O N : R >
= THF/MeOH
‘—( Me
RI

Silyl ethers ofter used as protecting groups

OH -> OTBS (TBS = SiMe,tBu)

TBSCI, imidazole, DMF

or more often

TBSOTHf, 2,6-lutidine (= 2,6-dimethylpyridine), CH,ClI,

@)
O OH
I, o
HO Y R + O NH
I\_/Ie \_(R. (XC*H)

(after acidification)

Ct/g\H (OP) (1. Protection) j\/O\P
Y R 2. Oxidation H T R
Me Me

(+ Xc*H)

Swern oxidation

i) (COCI),, DMSO, CH,Cl,, -78 °C

i) add acohol substrate, -78 °C

iii) Et3N, -78 °C to o

Dess-Martin oxidation ©:‘<o
DMP (pyridine or NaHCO,) 1<

CH,Cl,,0°Ctort AcO (I)A(gAc

51



Cleavage of the auxiliary : transamidation to Weinreb amides

1. Protection Q OPF
- AN

(Free OH required)  MeO / 2. DIBAL-H =

‘NH.HCI (or LiAIHg) Me
L8 e Chen P oo
B €3 T
MeO.
A A A - weo, A
\_( Ve THF or CH,Cl, Me Me

R (= Xc*H) Weinreb amides \ 1. Protection 6 OP
' > R")J\./\ R

2. R"Li or R"MgX =

Me
M=o Nu OP

Nucleophilic additions to Weinreb amides : < o .

lead to stable tetrahedral intermediates MeO\N Y R M = AliBug, LI, MgX
| Me Me |
O OP O OP
R" = Me or Et Me)j\/\R HI\/\R
Valuable polyketides subunits z z
Me Me Me

Nahm, S.; Weinreb, S. M. Tetrahedron Lett. 1981, 22, 3815
Review on Weinreb amides: Synthesis 2008, 3707 52



Evans aldol reaction : limitations and potential solutions

1. Bu,BOTTf (1.2 equiv)

O O O O OH

)j\ iProNEt (1.3 equiv) )]\
O NJLMe CHaClp, 0°C » O N Me  Alternative transition state
2. iPrCHO, -78 °C Me (boat conformation ?)
iPr 86% iPr
(dr ~ 50:50)

One solution to acetate aldol reactions

O 0 O O (=)H _ O O (:)H
O)LNJ\,SMe_> O)LNJ\E/'\R RaneyNi_ O)LNJ]\/'\R
\_( \_( SMe acetone, H,0O \_(

R' R’ R’

JACS 1981, 103, 2127

One entry toward anti propionate aldol subunits : Frater-Seebach alkylation

i _Li O OH
O C:)H LDA (> 2 equiv) L'\o’ L"c_) y Mel, HMPA J\‘/:\
- o < —— 1
R'OJ\/\R THF, -78 °C R-OMR 78 °C RO R
| * il Me anti
e T™ (dr > 95:5)

(other halides can be used: AllylBr, BnBr)

Helv. Chem. Acta 1979, 2825; 1980, 63, 197; Tetrahedron Lett. 1984, 40, 1269
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Diastereoselective reduction of f-hydroxy ketones

O OH Diastereoselective OH OH
reduction .
Rn & * R """"""""" > R" * * R
R' R
B-Hydroxy ketone 1,3-Diol

54



Diastereoselective reduction of g-hydroxy ketones : syn-1,3-diols

@) H

o OH Et,BOMe or Bu,BOMe OH4 OH
s LiBH, or NaBH, H I
RJ\/\R' > R
THF/MeOH, -78 °C
syn-1,3-diol
Prasad-Narasaka procedure
L H
Ls lL I - _é H R'
B HH-B— ~0~
20N = L7 )
¢ 9 LiBH, T N R'I O
: —_—
R)\/\R' . - BCO/_ -~ ] R H
(L = Bu or Et) O R NZ O, R’
‘I ----- > /B\ /
. . 3 OR
Dialkylborinate = External hydride delivery
internal Lewis acid H
O OH NaBH, OH OH ! O OH NaBH,
: Et,BOMe T : : Et,BOMe
Me |\_/|e : Me
H - H
L (dr>99:1) n “~N
- | t 7 RIH : - é 6— RII\/Ie
— BT R : N7 R

@) Me

Chem. Lett. 1980, 1415; Tetrahedron 1984, 40, 2233; Tetrahedron Lett. 1987, 28, 155

Alternative reagent
Zn(BHy)>

Axial attack preferred
through a chair-like TS
(rather than twist-boat TS)

(major dia, but more
variable selectivities)
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Diastereoselective reduction of g-hydroxy ketones : anti-1,3-diols

OH OH

= Me,NBH(OAC)3 =
A S

MeCN/AcOH
Evans-Saksena reduction anti-1,3-diol

Me4NBH(OAC)3 : poorly reactive reducing agent
Ligand exchange on boron + intramolecular hydride delivery

AcO H AcO
| H<E
C \ ACO’ \ —_— 7
-
Favored R H Dlsfavored +O H
O OH OH OH
¥ ME4NBH(OAC)3 ~
IPr iPr »  iPr iPr (dr =98:2)
Me MeCN/AcOH, -20 °C Me
92%
O OH OH OH
iPr)J\;/\iPr > iPr/'\;/\iPr
Me 84% Me
(dr = 98:2)

Evans, D. A.; Chapman, K. T.; Carreira, E. M. JACS 1988, 110, 3560
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Enoxysilanes (silyl enol ethers) as nucleophiles

OSIR; RsS‘:O/_\ 0
/\ E+ E X_ . E
YO | v . s Y
Ro

Ra R,

B effect of silicon

Silicon stabilizes Q

carbocations R3S| ®

at the 3 position ol O A% Filled ;.0 -> vacant p orbital
(hyperconjugation) N

Examples of electrophiles: halogenating agents, enones and aldehydes (activated by Lewis acids)

(Nomenclature note) : Enoxysilanes (general), silyl enol ethers (more suitable for ketones/aldehydes)

Y = OR' (silyl ketene acetals), Y = NR', (silyl ketene aminals) 57



Mukaiyama aldol reaction

OSiMes o O  OSiMe, O OH

Y)\z LA - YJH/kR YJH/kR
Promoter

R(l

| A

usually during hydrolytic work-up

<« or Catalyst

- Reaction discovered by Mukaiyama (1973)
- Trialkylsilyl enol ethers are unreactive toward aldehydes

- A promoter / catalyst is required : usually a Lewis acid
OSiMe;

o XnK/I XnK/I Y Me;Si \O+ o MX,

J LN o SN NS

R H +R R

(02

|\/|Xn = BF3.0Et2, T|C|4, SnC|4
- Acetals can be used instead of aldehydes

OR O OR
R'O. OR' MX, -

X — | XM-OR L | YJ\(kR
H R H™+ R

R

o

Angew. Chem. Int. Ed. 2013, 52, 9109
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Mukaiyama aldol reaction : Diastereoselectivity

OSiMe; 0 (Catalyst) O OH
atalyst =
Y)ﬁ + HJLR - YJ\./\ R
R then work-up er
(04 o
The reaction proceeds through an open TS
&Mxn
o’ OH R
H R H R, H R,
— = ) syn
R H R H H OH
Y OSiMeg Y O Y 0O syn
major diastereomer
Antiperiplanar approach regardless of enoxysilane geometry
JMX, anti
o’ OH R
R, H Ry H R, H
=< —> =
Disfavored R H R H H OH
Y OSiMe; Y~ ~O Y~ S0

Note that this is nevertheless an oversimplified analysis £g



Example of catalytic enantioselective Mukaiyama aldol reaction

. H
Me,SiO o L (T (055 mol %) o OH OO ,>_Q

Et,0, -10 °C, 4 h N

R,O& + JL 2 - R'OMR 5 )

t-Bu
+ .0 B
H R 5 nBu,NF, THF TS 7

|
72-98% OO o o

____________________________________________________________________ t-Bu
(R)-[Til- -

J_X LY o o
W
BnO Ph MeO Me Meo)l\/'\ @ -
(ee = 96%) (ee = 97%) (ee = 96%) SiiPr; H
COL
NH

HO g
O OH O OH 2_ .
oH Ti(OiPr),
MeOJ\/kn-Pr MeOJ\/'\c-Hex OO o HO
0
(ee = 95%) (ee = 95%)
t-Bu
t-Bu
60

Carreira, E. M. et al. JACS 1994, 116, 8837; 1995, 117, 12360



Enamines as nucleophiles : Organocatalyzed reactions

(3 (i {2

O O N + N
e I
SO TR St U I = e
Ry R, R, R,
Enamine

(more nucleophilic than a silyl enol ether)

Organocatalysis : Use of (small) organic molecules as catalysts

HJK\'(E (+ n H+ n )
R
H,O
additional substituent
.\- \ ~_~ can also be present

at this position
. @y N
Ry

o

'
\-O (cat.)
N
o’
N R
R

Large group (steric effect) or
+ HO0 “ Group which can interact with E* (directing effect)

o
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Organocatalyzed a-functionalization of aldehydes

a-Functionalization of aldehydes

.\\'? (cat.) 0

O\\I“‘[ . \

HO H
(S)-Proline

Y,Z=0,N
Bifunctional activation

Electrophile

Ph
’
O=N

BocN=NBoc

Product
@) @)

HJH/O—NHPh HJ\(OH
(after treatment

Ry with CuSO4/MeOH)
Bo

Ry
O . C
N. .H
HJ\( N

R Boc

Enamine should not form with
HJ\_/'\R RCHO or at least very slowly
= ) _ R = Aryl, a- or B-branched Alkyl
R, anti (major)

O
HN

Ph_ [ 5 Ph L)

Ph—1" N t"3U"'<N g RN
op H H (HX) )\

Hayashi-Jorgensen MacMillan H™ S Steric control

(diphenylprolinol ethers)  (imidazolidinones) /Ra

E+
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Organocatalyzed a-functionalization of aldehydes

HOZC“'< )

I - o §O2Bn 1.NaBH, TBSO COan
= lCOZBn (10 mol %) \N NH EtOH, 0 °C Coan oN N
H Br + 'N_N - H K Br CO - s HO
Bn0,C MeCN 25N 5 TBSCI
° Imidazole, DMF 3 steps
0°C, 15h | )
(ee > 99%) 3. NaH, DMF, 0 °C (R)-Piperazic aci

88% (4 steps)

Hamada, Y. et al. Tetrahedron: Asymmetry 2004,15, 3477

Ph%“ O (5 mol %)

MeO H O
HO
(20 mol %) Me
T HOD\CO Et i Li OH
i
H + A Me : > H o“'
o) no solvent (neat), 4 °C, 36h 'PfOH rt 7 steps
e

Me™ Me (1.5 equiv) 89% M Me 61%

Cryptone D|hydr01unenol

- 0,
Chen, K.: Baran, P. Nature 2009.459. 824 (ee = 89%)
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Proline-catalyzed aldol reactions

Hajos-Parrish-Eder-Sauer-Wiechert aldol reaction : a major breakthtough in organocatalysis

() 0 0
O Me O N” TCO,H (3 mol %) Me Me
H (- H,0)
DMF O
OH

O 0
99% (ee = 93%) Wieland-Miescher ketone

Key intermediate in
steroids synthesis

J. Org. Chem. 1973, 38, 3239; 1974, 38, 1615; Angew. Chem., Int. Ed. Engl. 1971, 40, 496

Enamine generated |HO2C" N
from this aldehyde H)§

l 1. O*CQZH (10 mol %)

DMF, 5 °C @ QBS
J\ J\rMe , S
(added slowly via - ’ Li%c;g::lzzci o (eeM>699';2§ S I\:/Ie Me
syringe pump) (4 equiv) 61% (anti/syn > 97:3) Prelactone

Tetrahedron Lett. 2006, 44, 7607
Aldehyde cross-aldol reaction: Northrup, A. B.; MacMillan, D. W. C. JACS 2002, 124, 6798 64



Aldol reactions involving chiral aldehydes

So far, we have considered reagent-controlled aldol reactions: chiral enolate/nucleophile + achiral aldehyde

O O OH
2

1
R, R\ R, R!?

Key issue:

influence of this stereocenter
on the diastereoselectivity?

- Achiral enolate : Substrate-controlled aldol reactions with chiral aldehydes ?
- Chiral enolate + chiral aldehyde : Double stereodifferentiating aldol reactions

Stereocontrol by the enolate and the aldehyde can be cooperative : Matched case
Excellent diastereoselectivities will be observed

Stereocontrol by the enolate and aldehyde can be opposite : Mismatched case
Diastereoselectivities can be high but depends on the partners
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Nucleophilic addition to carbonyl compounds : Felkin-Anh model

O
The substituents are ranked on the basis of their steric demand (L, M, S = H)
N + R R

H. Ry, Felkin-Anh model
- Reactive conformers R, _L. C=0 group
- Attack of the nucleophile: Blrgi-Dunitz trajectory angle 109°

O RLO O Ry H O
| R, Nu®
Q R R = y . —_— R o R
i Best acceptor orbital o#-.g and forming i fast slow
! bond adopt antiperiplanar orientation : Y
i : R H OH
| (HOMO) . HO_  "w
: Nu : (Nu R )
: c .0 : (RL—SZﬁ—Nu} Al
L mc-o : R’ H R R
i (LUMO) i i
! G*C.RL ! Major nor
| |
. S R, OH HO,‘ R'
OH and Ry syn NU : R, NUT N RL

in major diastereomer N H R, 66




Nucleophilic addition to carbonyl compounds : Felkin-Anh model

Assuming that the R (large) group does not exert any particular effect ...

Addition to a-methyl aldehydes

O OH OH
J\<R /'\‘/R R
HT Y —— | Nu . Nu” Y
H Me Me Me
(R larger than Me) major diastereomer minor diastereomer
"Felkin-Anh" "anti Felkin-Anh "

For the reduction of a-methyl substituted ketones:

R. OH OH
J\( —> /Q( ./\‘/R major diastereomer
Me
"Felkin"

diastereomer  \yhen Nu = H, the zig-zag has to be redrawn

Nu=H to extend the longest carbon chain

67
Review: Mengel, A.; Reiser, O. Chem. Rev. 1999, 99, 1191



Examples with e-unsubstituted enolates/enoxysilanes

OM O O OH O OH
Ph i
Me Me Me
Conditions Y syn/anti
OLi Me 75:25
Y& THF, -78 °C MeO 75:25
t-BuO 80:20
OTBS BF3.OEt, Me 91:9
Y& CH,Cl,, -78 °C  t-BuO 97:3
OLi O OBn O OH OBn O OH OBn
t-Buo’§ ¥ HJ\H A ——— t-Bqu + t-BuOJ\/\‘)
Me ! Me Me

(syn/anti = 50:50)

68
Tetrahedron Lett. 1985, 26, 973; Org. Lett. 2008, 10, 2059



Felkin-Anh model for a-heterosubstituted aldehydes

Electron-withdrawing substituents at the « position of the C=0 group play the role of the
large substituent R, in the Felkin-Anh model for stereoelectronic reasons
(low lying o*c_op Orbital overlaps with 7#--g and also oc.y, in the TS)

') N o (:)H OH
u -
R
e - WY Y
H OP OoP OoP
"Felkin-Anh" "anti Felkin-Anh"

R
Qj /Gb\ Felkin-Anh model with R, = OP
H OP

R OH H OH OH
R O Fast J— ——— : R
— Nu oP = { Nu—A)—! R NTY
S o H po H OP
Nu H H Major anti
O H HO H
PO Slﬂ» PO‘Z&NU
Nu© H R
H R.& Minor 69



Cram chelate model for e-heterosubstituted aldehydes

An heteroatom at the « position can coordinate M* : Nucleophilic addition preferentially
proceeds on the less-hindered face of the carbonyl group on the resulting chelate

o) OH OH
. nu© R R
HJ\( > Nu NU/Y
H OP oP OP
Cram-chelate
> jts
/@D\ syn OP
H H OP M@ Fast Nu
21 >
PO, /
@)
Nﬁ; eNu
H
H
\ > OH
Slow

70



Felkin-Anh versus Cram-chelate model for e-alkoxy aldehydes

OTMS, OSiMe,t-Bu, OSiPh,t-Bu, OSiiPr; No chelation (in general)

(OTBS) (OTBDPS) (OTIPS) _
Chelation depends on M™,

the conditions (solvent), the presence

OP = OMe, OBn, OCH,OMe (OMOM)
of additives (Lewis acids/bases)

- The ability of M* to be chelated (or not) and its Lewis acidity should be considered

0O C_)H OH
@ -
NO M+ HJ\rR — Nu/\rR + Nu/krR
OP OoP OoP
Felkin anti-Felkin or Cram-Chelate
(depending on OP/M)
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Influence of a falkoxy group

O OTBS
/CQMS JH) Lewis acid O OH OTB+S O (?)H OTBS
+ H > ]
t-Bu CH,Cl,, -78 °C t-Bu t-Bu
Me Me Me
Felkin-Anh diastereomer
BF3;.OEt, 91 : 9
TiCl, 93 : 7
No chelation with OTBS (except in rare cases)
O OBn
OTMS Lewis acid O OH OBn O (?)H OBn
BN HJ\H CHyCly, 78 °C. t'B“w ' t'B“w
Me ere Me Me
Ti 4
SN BF3;.OEt 74 26
NuU - O OBn 3_ 2
| Ticl, 3 .
H 3 Chelation of Ti(IV) with 4OBn
H Me
OH OBn
Nur.,
> H

Me
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Felkin-Anh model and aldol reactions

OML, O OH
)\ JI\(RL - Y x * X RL
R, Me
(E) or (Z)

The Fekin-Anh/Chelate models apply well to Mukaiyama aldol reactions (open transition state)

OTBS

: O
Eto& (3 equiv)

O OTBS O HO OTBS
J\)\(Me BF3.0Et, (1 equiv)» 5 Me HF agq.
H™ EtO —
I\:/Ie Me CH,Cl,, -78 °C _ Ve Me MeCN, rt K
65% syn : Felkin-Anh 55% Me Me
(single diasteromer) Prelactone

Tetrahedron Lett. 2003, 44, 7607

However the Felkin-Anh model does not consider the case of nucleophilic additions proceeding through
an ordered (cyclic) transition state (ex: Zimmerman-Traxler transition state)

How do the Felkin-Anh and Zimmerman-Traxler transition state merge ?
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Zimmerman-Traxler and Felkin-Anh models

normal Felkin-Anh
transition state

(E) enolate syn
anti Felkin-Anh
O \ OH / selectivity

R
e NN
Me Me
OML
: Q Zimmerman-Traxler TS accomodates Felkin-anh control
+ RL
2)\ HJ\( B H syn-pentane 7]
(E) Me Me o
N
anti Felkin-Anh
approach .

— Disfavored

(E) enolates favor the Felkin-Anh diastereomers

LiO O i O OH

P
A O>——\_ Me+ HJI\‘/ —_— ArOJJ\:/'\‘/Ph +
r Me Me Me

(Ar = 2,4,6-trimethylphenyl) 80

Roush, W. R. J. Org. Chem. 1991, 56, 4151

ArO

Me Me
20
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Zimmerman-Traxler and Felkin-Anh models

(Z) enolate syn
: syn Felkin-Anh
norma_l Felkin-Anh o \ OH , selectivity
transition state /
/-> ----- > 7 Ri
Me Me
L Disfavored Z -
QML T Ikin-Anh h favorabl
anti Felkin-Anh approach is more favorable
ZJ\/Me+ HJI\‘/RL _ PP
(2) Me (Z) enolate anti
syn Felkin-Anh

O \ OH / selectivity

: R
2NN

| S

anti Felkin-Anh Me Me
approach L
(2) enolates favor the anti Felkin-Anh diastereomers
OLi O OTBS O OH OTBS O OH OTBS
+
TMSOWMe N H/”\‘) _ ZW ZJW
_Me Me Me THF, -78 °C Me Me Me Me
V4 79 ; 21
anti-Felkin-Anh Felkin-Anh

75

Roush, W. R. J. Org. Chem. 1991, 56, 4151



Double stereodifferentiating aldol reactions

anti Felkin-Anh

O 0 1. Bu,BOTY, iPr,NEt oH/oTBS
O)LNJH CH,Cl,
> (dr > 98:2)
— M O OTBS
Bn 2. "Matched case"
S
Me auxiliary control

(2) enolate generated

Felkin-Anh
O 0 1. Bu,BOTf, iProNEt O O OH/OTBS
o)]\ N CHoCl - (dr > 98:2)
\—/',, Me O OTBS
BN 2 HJ\‘) "Mismatched case"
Me

Excellent diastereoselectivity (reagent-controlled) in both situations
Facial bias imposed by the reagent (oxazolidinone (Z2)-boron enolate) overrides substrate control

76
Org. Lett. 2014, 16, 548; Org. Lett. 2002, 4, 4443; JOC 1993, 58, 5878



What needs to be remembered

Regioselectivity, chemoselectivity and stereoselectivity issues in a chemical reaction
Enantiomerically enriched a-substituted carbonyl compounds

* Enolization of carbonyl compounds
"Hard" enolization = deprotonation with amide bases (typical pK, values)
Regioselectivity (kinetic versus thermodynamic enolate)

Stereoselectivity : Ireland-Model Under kinetic control: Amides -> (Z) enolates, esters -> (E) enolates

For esters, reversal of selectivity -> (Z) enolates in THF/HMPA or THF/DMPU
O-silylation of enolates

* Evans oxazolidinones : Alkylation, hydroxylation, azidation and hydrazination reactions

Reagents (alkylating halides, Davis oxaziridine, trisyl azide and BocN=NBoc)
You should be able to explain the stereochemical outcome of these reactions

Cleavage of the auxiliary (LiOH, LIOOH, reduction: LiAlH,, THF; LiBH,, THF/MeOH or NaBH,, THF/H,0)

Alternative auxiliary for alkylations: Myers pseudoephedrine propionamide (Only the principle not the stereochemical control)

* Aldol reactions
Zimmerman-Traxler model: (Z)-enolates -> syn aldols, (E)-enolates -> anti aldols
Interest of boron enolates (tighten the transition state)
Evans aldol reaction
Conditions (soft enolization), formation of a (Z) boron enolate
You should be able to explain the stereochemical outcome of these reactions

Cleavage of the auxiliary : LIOOH, reduction, transamidation to Weinreb amides and interest of Weinreb amides
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What needs to be remembered

@)

NH,
HO,C—, —_;o)j\ NH
Rl
i = 13
Derivatization ‘ .
though R
acyl chloride - -
or mixed anhydride ,,M\
O O

(2) chelated enolate O N 3

(Z) boron enolate
Zimmerman-TraxlerTS
dipole-dipole +
steric interactions minimized

) N
X+~ "R HO” R
LiAIH,, THF,

LiBH,, THF/MeOH
or NaBH,, THF/H,O

Cleavage reactions
of oxazolidinones

LiOH, THF/H,O
better: LIOH, 35% aqg. H;O, NaOMe, Mg(OMe),

O
. m &Ra
LDA or LiHMDS, R"CH,Br X~ 3
or NaHMDS, THF, -78 °C or R"CHyl CH,R"
NaHMDS, THF, -78 °C ° > o~ Ra
(quench with H" at -78 °C)  pp, N“Ts N éH
@)
o —_ * R(X
KHMDS, THF, -78 °C N3—SOzAr X"
(quench with H" at -78 °C)  (trisyl azide) o N
LDA or LIHMDS, THF, -78 °C BocN=NBoc Xy~ Ra
NH-NHBoc

Evans aldol reaction

1. n-Bu,BOTT (1 equiv), iProNEt, CH,Cl,
2. RCHO, -78 °C

—
3. Work-up with H,O,, pH 7 buffer, MeOH

(@] O
HO)LR R"O)LR
In some cases

H,O/THF (LIOOH) Ti(OBn),

O O OH
O)LNJ\S.y/n:\R
\_‘ Iéoc
RI“’4anti
@)
MeO. NJL R

|
Me

For aldols (free OH required)
Me(MeO)NH.HCI, Me3Al

THF or CH,Cl,



What needs to be remembered

Diastereoselective reduction of B-hydroxyketones

Bu~§,BU
Bu,B(OMe) or Et,B(OMe) H3I§—H +o" Yo OH OH
LiBH, or NaBH,, THF/MeOH \)Q/'\ ) . -
o OH or Zn(BH,),, Et,O R R'
- )J\/LR' AcQ_DAc
Me,N * "BH(OAC), H MBS OH OH

MeCN/AcOH Q) Q — N
R R
NG

You should know the reagents and the principle of these diastereoselective reductions
(chelation/external hydride delivery or ligand exchange/intramolecular hydride delivery on protonated carbonyl group)

Mukaiyama aldol reactions
Enoxysilanes (silyl enol ethers) as partners: a Lewis acid promoter/catalyst is required (general mechanism)

You should be aware that those reactions proceed through an open TS
(syn diastereoselectivity regardless of enoxysilane geometry)

Enantioselective versions have been developed using chiral Lewis acid catalysts (principle only)

Organocatalyzed a-functionalization of aldehydes

With in situ generated enamines as nucleophiles (general mechanism)

Examples of catalysts (proline, prolinol derivatives, imidazolidinones)

Representative reactions: oxyamination (O=NPh)/hydroxylation, hydrazination, 1,4-addition, cross-aldol reactions

Addition to a-substituted carbonyl compounds

Felkin-Anh and Cram chelate models (a-heteromatom), B-chelation
You should be able to draw the models and predict/analyze the diastereoselectivity of nucleophilic additions
You should be aware that for aldol reactions proceeding through cyclic TS (Zimmerman-Traxler TS),

the stereochemical outcome depends on the geometry of the enolate (E : Felkin-Anh control, Z: anti-Felkin-Anh control)
but a detailed explanation does not need to be remembered at this stage
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Allylation/Crotylation of aldehydes

LM,
"o O Aldol reaction G OH
AN > x
YO H R (after hydrolysis) Y * R
R, Ra
LM
O OH
H R (after hydrolysis) « R
R, Ry
R,=H Allylation Homoallylic
R, = Me Crotylation alcohol

80



Allylic organometallic reagents

Key issue : metallotropic equilibrium

| L,M
—— MLn —
N — D xRy

E Ra Ra Z

R OH OH
—— AR+ Reaen b
R, E/lZ
syn/anti

Three different types of allylic organometallic reagents

1. Highly covalent C—M bond and M not significantly Lewis acidic

Configurationally stable

ML, = SnBus, SiMes

Activation of aldehyde by a Lewis acid required (open TS)

2. Covalent C-M bond, M Lewis acidic

(Very) slow metallotropic equilibrium (configurationally stable)
Addition occurred without a catalyst (through a cyclic TS)

3. lonic C-M bond, M Lewis acidic

Rapid metallotropic equilibrium, not configurationally stable
Addition occurred without a catalyst (through a cyclic TS)

ML, = BR,, B(OR),

ML, = Ti(IV), Cr(lll)
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Addition of allyl- and crotylstannanes Busn” ™M R

O Lewis acid OH
Bussn” & H/U\R /\)\R
O Lewis acid OH
BusSn” NF e H/U\R /\)\R
J 1) LDA, THF, 0 °C Me syn (major)
BusSnH 2) I e

commercial crotyl chloride
(predominantly E isomer)

LUMOTC C=0

OH OH q
H Me secondary
=z X
— _ orbltal overlap
R H R H
Me H HOMO
syn
OH
H
_> \
R H R H (Z) isomer much less selective than (E)
Me

Me

Bu3Sn

Denmark, S. E. et al. JACS 1988, 110, 984; Keck, G. E. J. Org. Chem. 1994, 59, 7889 82



Addition of allyl- and crotylstannanes Busn” ™M R

O OTBS BE.. OEt OH OTBS
BUSSn/\/ + y 3 2 - ~
CH2C|2, -85 °C \
Me 86% Me syn (Felkin-Anh)
(rd =99:1)
_ O OBn SnC|4 (:)H OBn
Bu3Sn/\/ + H - W
CH2C|2, -90 °C \
Me 90% Me anti (B-chelation)
(rd = 90:10)
0 OH
BF3.0OEt, (1 equiv)
AN + ,U\ > z cHex
BU3SI’1 Me H CHeX CHZCIZ, —78 OC Me
. 88%
(E/Z =90:10) (syn/anti = 94:6)
@) OTBS OH OTBS
BF;.0OEt, (1 equiv)
Bussn” N "Me * HJ\A) choh, 8sc. AN
2%12, —
Me 86%% Me Me ™ gyn (Felkin-Anh)

(rd =99:1)

Keck, G. E. Tetrahedron Lett. 1984, 25, 1883; J. Org. Chem. 1994, 59, 7889 33



Addition of allyl- and crotylboranes/boronates

M7 N Me
(E) or (2)
M = BRz, B(OR)Z

(z) Me

For allylic organoboron reagents, products are usually isolated after an oxidative hydrolytic work-up

Very slow metallotropic equilibrium at least at low temperatures
(organoboronates more stable/less reactive than organoboron)

_ L 1+
: A o
~ _\—"—, ~ ~
N — |y S —m 0 A Y TR
H R O Me
R
L Me - syn
Zimmerman-Traxler transition state
_ L %
o H | OH
JL ~|~---B—L ~ :
—_— LA R —_—
H” R Me (- 2305 /\'\l/l/\R
e
R
n H i anti

(NaOH, 30 % H,O, or sometimes NaBOs) (oxidation of C-B bonds of the ligands, B-L -> HO-L)
For allylic organoboronates (M = B(OR),), a standard hydrolytic (acidic) work-up can be used
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Preparation of allylboranes/boronates M

M = BR',, B(OR'),

" MgBr
R',B(OMe) OMe Mg ,
BrMg » RB ~ RBOAA. + MgBr(OMe)
Et,0, -78 °C unreactive reactive
RI
1) B(OiPr)s ValaN o
Et,O, -78 °C HO OH N
BrMg X 2 » (HORB > R B
’ X
2) HCl, Et,0 MgSO, o)
or molecular sieves

P T T Ty
: Chiral reagents i
| |
i Me Me Me i
| 1. BH,.SMe \\BOMe \B !
i — - p— T > l H.C. Brown
" 2. MeOH, 0°C :
I _ 2 2 !
i (+)-pinene (-)-lpc,BOMe (-)-lpc,BAllyl :
I (2 equiv) |
' l
i iPro,C IPro,C i
|
' (HO),B + o) '
! (HO), X iPrO.Cit- OH — iPrO.CM ] : W. R. Roush
| 2 2 B |
: OH 0PN |
! )- DIPT = (S,S)-DIPT :
i ¥ (5.3) (-)- DIPTBAIly !
" |

(DIPT = diisopropyl tartrate)
| 85



Allylboration of aldehydes

OH
RCHO T
()-IpcB > AR
Et,O, -78 °C to rt
'/' ------------------------------------------------- Y
: OH OH OH |
N - [}
L AN Me A"n-u A"ph
! |
| ee=93% ee = 87% e =96% |
S /'
0 OH OH
Me Me Me
/ .
(')-IpCZB/\/ 96 ' 4 } Reagent-controlled
_ reactions
(+)-pc,B” ° %
Me o _
— : 2 :
II\\/I/IZ BN\F = pinB” 7 6 38
o Achiral reagent
Me
Brown, H. C. J. Org. Chem. 1982, 47, 5065; 1984, 49, 945; 1986, 51, 432 86

JACS 1983, 105, 2092; 1986, 108, 5919; 1991, 105, 2092



Preparation of crotylboranes/boronates M e

M = BR',, B(OR'),

H,C /—/\
= HsC  CHy
CHs
(E)-but-2-ene (2)-but-2-ene
n-BuLi, t-BuOK Schlosser n-BuLi, t-BuOK
THF, -78 °C base THF, -78 °C
K K - Za _
_\=\ _ \/\Me ﬂe — _/_\
Me slow below
exo . endo
R',B(OMe) ¢ -40°C l R',B(OMe)
(I)Me
R',BZ
K V\
X
Me
BF;.OEt, ¢ (- MeOBF3K) BF;.OEt, ¢ (- MeOBF3K)
R2B (E)- or (2)-crotyl b
-or -Cro oranes '
X must be generated in situ N
e
Me

By using B(OMe)3, B(OiPr); instead of R',B(OMe), it is possible to prepare (E)- or (Z)-crotylboronic acids/boronates
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Crotylboration of aldehydes

o) OH
= J z
MeO),B” 7 “Me + > Z Et
( 2 3 Et THF, -78 °C to rt /\I\lll/\ '
61% € anti/syn = 97:3
O OH
MeQO),B =
| : \/\l ' HJLEt >~ /\E/\Et syn/anti > 96:4
Me THF, -78 °Cto rt Me
62%

Crotylboranes add to aldehydes through a Zimmerman-Traxler transition state.
Normally (E) crotylborane -> Felkin-Anh selectivity and (Z) crotylborane -> anti Felkin-Anh selectivity

OH  Felkin-Anh

(-)-lpczB 0
j\‘ + HJI\;/\OBn —_— /\&/\OBH Matched
Me Me

96% Me Me (dr = 98:2)

o) OH  Felkin-Anh
(')'IpCZB\/\I + HJJ\;/\OBI’] — WOBH Mismatched
Me Me 84% Me Me (dr = 92:8)

Reagent controlled diastereoselectivity

Brown, H. C. et al.
J. Org. Chem. 1982, 47, 5065; 1984, 49, 945; 1986, 51, 432
JACS 1983, 105, 2092; 1986, 108, 5919; 1991, 105, 2092
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Addition of allyltitanium/allylchromium reagents

+
M 2) M RCHO / H\/,'V' oH
\/\ - /\/ ~— M R R | —|R - ‘)QO" —> N\ R
R R (E) rapid . R’
H

lonic C-M bond, Lewis acidic M M = Ti(IV), Cr(Ill) = anti

Rapid metallotropic equilibrium in favor of the (E) crotyl metal reagent which also adds more rapidly with an
aldehyde through a close Zimmerman-Traxler TS

OH

BrWMe CrCl, (2 equiv)> XZCrWMe RCHO N\R
THF THF Me

( CrX3) (%)

CrCl, is oxygen/mositure sensitive

o X\Ef”(? CO,EtOCrX, o
2 )
HJL Ph /\)\ Ph | — )\)\ Chem. Lett. 1985, 481
THF, rt 94% Ph

OH
j)\ MesSi” ""Crx, =
H R THF, rt > 7 R (R = Ph, n-Pr, cHex)
54-6&5% SiMe; Tetrahedron Lett. 1985, 33, 4761
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Duthaler-Hafner allyl/crotyltitanation

MeO.__OMe Ph =
1 Ph
CO,Et ) e Ph——OH @ o0l
HO PPTS (cat.) o OH TiCl A Cl
) - \ - O
HO COE 2) PhMgBr (> 4 equiv) Me——}\d‘ Ph toluene, reflux Me < Ph
Et,O Me Ph (argon flow) O pp
Diethyl (R,R)-tartrate Me

(R,R)-TADDOL

Si face selective reagents

CIMg -~ Ra
Et,O/THF R, = H. Me)

(commercially available

Grignard reagents)
5 :
i OH Ph % i
! - 1) RCHO Ph— O T R |
. 2R Et,O/THF, —78 °C A |
| - o © |
: OH 2) H,0 Me R Ph :
! : O Pn !
| Me
Y r e
! Me (Re=H) [(R,R)-TADDOL]|CpTi(Allyl) !
i anti (R, = Me)(R,R)-TADDOL]CpTi(Crotyl) i
: l
| |
| |

Hafner, A.; Duthaler, R. O. et al. JACS 2001, 114, 2321



Application to the synthesis of strictifolione

0 _ OH 1) OsO, (cat.), NMO O OH
)j\/\ ((S,S)-TADDOL)CpTiAllyl /\/v\/\ acetone/H,O ,U\/V\/\

H Ph » Z Ph > H Ph

Et,O, -78 °C
(R,R)-TADDOL)CpTiAllyl | 76% (2 steps)
Et,0, 78 °C
> S >
0 0~ O H 0~ 0 MeO™ "OMe OH OH
JJ\/\/7\/'\/\ HGII (5 mol %) /\/\)\/\ CSA (cat) /\/\)\/\
H™ = Ph<CHCI t z Ph = = Ph
2Cly, 1 acetone, rt (dr > 95:5)
(E/Z > 95:5) 70% 95%
0 0 (OH can be left unprotected)
849 | ((S:S)-TADDOL)CpTiAllyl
Et,0, 78 °C
O
> VI\CI Q
OH o 0
ST e N 2% siema
~ ~ PN Ol 78 °C 2 CHaCly reflux
. CH2C 2y —78 OC / / PhCHzC 23 retiux
(dr > 95:5) 92% 8204
I\ [\ ag HCI, MeOH, 40 °C l87%
Mes—N ~—N-Mes Mes—N —N—-Mes o
CSA = camphorsulfonic acid T\\\CI \K\\‘Cl
Ru\f\ Ru=
c’| ‘e cl” |
@)
PCys iy’ (+)-Strictifolione
Grubbs Il (GlI) Hoveyda-Grubbs Il (HGII) (antifungal activity)

BouzBouz, S.; Cossy, J. Org. Lett. 2003, 5,1995
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What needs to be remembered

LoM 0 OH
+
HJLR > / v * R
R, Rq
1. H|gh|_y covglent C-M bond and M not significantly Lewis acidic ML, = SnBus, SiMes
Configurationally stable

Activation of aldehyde by a Lewis acid required (open TS)

(ex: BF3.0Et,, SnCly, TiCly ....)

CrotylSnBuj leads to syn homoallylic alcohols

For chiral a-substituted aldehydes : Felkin-Anh/Cram-chelate control applies

2. Covalent C—M bond, M Lewis acidic

(Very) slow metallotropic equilibrium (configurationally stable) ML, = BR;, B(OR),

Addition occurred without a catalyst : Zimmerman-Traxler transition state

(E)-Crotylboranes/boronates lead to anti homoallylic alcohols
(2)-Crotylboranes/boronates lead to syn homoallylic alcohols
The synthesis of theses reagents from (E)- or (Z)-but-2-ene should be known

You should be aware that the face-selectivity can be controlled by chiral ligands on boron

3. lonic C-M bond, M Lewis acidic
Rapid metallotropic equilibrium, not configurationally stable ML, = Ti(IV), Cr(lll)

Addition occurred without a catalyst : Zimmerman-Traxler transition state

(E)- and (2)-crotyl reagents both lead to anti homoallylic alcohols
You should be aware that the face-selectivity can be controlled by chiral ligands on titanium



Enantioselective reduction of ketones : a brief overview

OH : . . . :
}\ Formation of diastereomeric derivatives, separation and cleavage
R” R
)

( Kinetic resolution (one enantiomer more rapidly converted)
+

ﬁ O R'—M-L* or
J

Ry * R—M + L*(cat) or

OH ﬁ R'—M + [M{]L* (cat.)

X

R = R

| N 6w o

R)LR' + H-M + L*(cat.) or

H H R'O H H-M + [MJ]L* (cat.)

or
R R' R H

Asymmetric functionalization of C-H bonds
(challenging approach...not yet general !)

For catalytic asymmetric processes, the "background reaction"(uncatalyzed reaction leading to the racemate)
should be slow: acceleration by the chiral catalyst/ligand should operate

ADVANCED SELECTIVE ORGANIC SYNTHESIS (ASOS)



Enantioselective reduction of ketones: BINAL-H

1) LiAIH, (1 equiv) OO O (R)-BINALH(OEt)Li

OH
o .H =
> TAl > AR

e
OH %) EtOH (1 equiv) 0" "OEt RM™ R THF, -100°Cto-78°C R(m)
O O Lt (major)

R(m) = = system = Aryl, Alkenyl, Alkynyl
(R)-BINOL (R)-BINAL-H(OEt)Li R.(:) Alkyly y yh ATy

(R) or (aR)
3 n-r repulsion

(R = Me, CH,Br, Et, n-Pr, iPr)
ee = 95-99% ee = 44% ee =74% ee =91% ee =92% ee = 84%

Noyori JACS 1984, 106, 6709 & 6717, see also Chem. Rev. 2005, 105, 857



Enantioselective reduction of ketones : DIPCI| and Alpineborane

1) BH3.SM Ve
)THI?E e2 " \BCI
/2) dry HCI ') OH
Me 2 )j\ (-)-DIPCI, THF, -25 °C /L
(-)-DIPCI (= Ipc,BCl) R(L) R(S) ) > R(L) R(S)
Chlorodi(isopinocampheyl)borane R(L) : large or Alpineborane, THF, rt
. R(S) : small
(+)-Pinene @L Ve % —
\ B\H B Me Hy Me R(S)
> ],
(9-BBN-H) H H-"7/ "R(L)
Alpineborane® - _~g---O
Hydrogen atom at the £ position
of boron is transferred
T TP R
OH OH OH OH OH
Ph/LMe Et/LMe iPr/'\Me t-Bu/LMe Ph/\/LMe
ee = 98% ee =97% ee =4% (43%*) ee = 32% (66%*) ee = 95% ee =81%
* with Alpineborane
OH OH OH OH OH
X S Me
| Me MMG Me iPr \\
7
N Ph
ee = 92% ee =91% ee =91% ee = 95% ee = 92%

Midland, M. M. J. Organomet. Chem. 1978, 156, 203; Brown, H. C. J. Org. Chem. 1985, 50, 1384; 1986, 51, 3394 & 5446



Enantioselective reduction of ketones : DIPCI

0 OH OH

PPh,
c ()-DIPCI Cl EtO,C-N=N-CO,Et
' e

o
o -
E—— ©/\/\C|
ee =97%

(after recrystallization
in hexane, ee > 99%)

THF, -25 °C

1) Me,NH, EtOH
130 °C (sealed reactor)
2) HCI, Et,0O

F;C
{ i i . !
l l 28 'Pulvules’ No. 3105 \©\O
' PROZAC 20 H
FLUOXETINE ©/\/\NM82HC|
e

e > 99%

(-)-Fluoxetine hydrochloride

rac-Fluoxetine (Prozac®)

J. Org. Chem. 1988, 53, 2916



CBS enantioselective reduction of ketones

The reduction of ketones with BH,*SMe, is slow : opportunity for asymmetric catalysis
Corey-Bakshi-Shibata (CBS) reduction : chiral oxazaborolidines as catalysts

R~ /Os &R
B B
Cl Cl 0...0
O‘ o) (2 equiv) Ph R Ph
H EtzN THF H Ph or R=B(OH), B-O
@) OH A /
(S)-Proline R
chiral oxazaborolidine
y Pn y Ph
Ci/{'“‘ BH,»THF C;/(—F'h Complexation of BH; by N
,.Erﬂ H,.E'ﬂ Lewis acidity of B in oxazaborolidine increases
R H, R Dual activation (Lewis base/Lewis acid)

- H‘ -
G don:

=R
H.B -
HCI. MeOH 1|;_| b, CHs
p: H""./
BH1 i Ph
H 4
Ph
% @r‘l R -« smaller
-'E‘ N—B L rou
'lH Elul - Pﬁl |}I k g P
.- H - | QE"'H'-

Excess BH; regenerates

the catalyst 5
Angew. Chem. Int. Ed. 1998, 37, 1986



CBS enantioselective reduction of ketones

BH3.THF or BH;.SMe, Ph
O OH
)J\ [B-Me] (cat.) (5-10 mol %) = N Ph

Ph H
R =n-Alkyl, ee =71-88% R =n-Hexyl, ee = 95%
R = s-Alkyl, ee = 94-96% R = Cyclohexyl, ee = 98%

(CH.ClI,, -78 °C) <SiMe3 R' = Me, iPr

> P -
R(L)” "R(S) THF, 23 °C RL)” "R(S) SO
Me  [B-Me]
Br =
ee =97% ee = 96% ee = 98% ee = 94% ee =93% (-30 °C)
OH OH OH OH
: . Br v -
oo o "0 o
MeO OMe
ee = 98% ee = 98% (-20 °C) ee =96% (-15 °C) ee = 93% (10 °C)
With BH5.SMe,, and [B-Me] (2 equiv) (THF, -30°C) ' With
OH OH : o, Ph oH
T B : 'BHand N Ph / X R
R/\ R/\ : © B-O _ /
RN A : (5 mol %) R'3Si”  =large

R = Me, n-Pentyl, CH,CI, (CH,),CO5Et, iPr, ee = 83-97%

Angew. Chem. Int. Ed. 1998, 37, 1986



CBS enantioselective reduction of ketones: Application

Ph
N
: Ph (10 mol %)

0 ,B-0 OH
O, Bu Cl. =
cl A)LR " ©: BH > >R
a7l o toluene or CH,Cl,, -78 °C to rt CI™g
(ee =92-98%)
NaN; (2 equiv)
NaOH (4 equiv)
MeO(CH,),OMe, rt
NH,  H (1atm) Na N 2R Q
Pd/C (cat. 0 0 CI /=
Oﬁ/LR (cat.) Oﬁ/'\R ﬁ/LR R C|>L\ .
OH EtOAc, 1t OH 80-91% Cl Cl Cl\y _)
88-94% N3

(ee = 92-98%)

R= n-Pent, Cyclohexyl, t-Bu, (CH,),Ph, /\©\ '\
Ph

JACS 1992, 114, 1906



CBS enantioselective reduction of ketones: Application

O O O o) o)
1) n-BuLi, THF, 0 °C HO L H,0,
j 2) Sg i FC O CRy /B Nawo, (cat.)
\ .~ \ .~ < /A
S”  3) Br(CH,),CO,H, K,CO4 s” S toluene, 38 °C S EtOAc,55°C 'S” %0
THF/H,0 89% S
D*Ph BH5.SMe, (0.7 equiv)
N Ph [B-Me] (5 mol %) .
,B-0 molecular sieves 98%
Me  [B-Me] THF, 0 °C
Me Me Me Me Y
HQ
HN 1) SO, H,S0,, -10 °C HN 1) TsCl, base, THF
2) SOCl,, reflux 15°Ctort ]\
O < 4 S\\
N / \ < 3) NH,OH, 0 °C / \ < 2) iIBUNH,, rt S go
HoN "~ N N
WS g0 65% S 4o 73% ee = 96%
MK-0417

carbonic anhydrase inhibitor
(treatment of glaucoma)

J. Org. Chem. 1991, 56, 763



Noyori hydrogenation reaction: a brief overview

H, (100 atm
o 2 ( )

O
RUCL[(R)-BINAP] (0.05 mol %)
Me)l\/u\OMe - Me/'\/u\OMe

MeOH, 36 h, 100 °C
96%

OH O OO oPh,

PPh,
ee > 99% OO

[(R)-BINAP]RUCI,(MeOH),

Hy O O
MeOH HCI Me)]\/u\OMe

[(R)-BINAP]RUHCI(MeOH),

H, 2 MeOH
Cl
[
[(R)-BINAP]RUCI(OMe)(MeOH),
O O
cl |
[(R)- BINAP]Ru (MeOH) Me OMe
HO, H O
o H O
MeOH
OMe
2 MeOH

(R)-(+)-BINAP

@] @] OH O
—_—
Me OMe Me OMe
Me Me 99% Me Me
ee = 96%

The C=0 group is hydrogenated
(not the enol)

The presence of a second coordinating
functional group is important

JACS 1987, 109, 5856
Angew. Chem. Int. Ed. 2001, 40, 40
Chem. Rev. 2003, 103, 3029

The catalyst can be generated in situ

H, (4 atm), (R)-BINAP
O O OH O
[(C6H6)RUC|2]2 (0 05 mol %)

Bno\)l\/”\OEt . > BnOMOEt

EtOH, 100 °C, 6 h B
(10 kg scale) 96% ee = 98%




Noyori hydrogenation reaction: a brief overview

O
OEt
e Y
@)

H, (100 atm)

RUCL,[(S)-BINAP] (0.1 mol %)

EtOH, 100 h, 30 °C

Tetrahedron Lett. 1990, 31, 5509

O O
Ph/\‘)j\/U\OE

NHBoc

0o 0
CHQ)H)J\GEHS

NHAC

.;H o

o O

CH;}MG"‘HE,

L

NHAC

H, (100 atm)
RuB,[BINAP] (0.2 mol %)

= v~
O

EtOH, 145 h, 23 °C
with (S)-BINAP
with (R)-BINAP

H- (100 atm)

RuBr3[(A)-BINAF] (0.4 mol %)
-

CH,Cly, 15 °C, 50 h
kl

Hx (100 atm)

RuBr;[{ A}-BINAP] (0.4 mol %)
-

CH,Cly, 15 °C, 50 h
k2

Tetrahedron Lett. 1988, 29, 6327; JACS 1989, 111, 8934

H OH

toluene, reflux

AcOH 0

Me
ee = 99.5%

94% (2 steps)

Catalyst controlled diastereoselectivity

999, 98% e

OH O

CHs™ ™" ~OCHs
NHAC

1%, =90%: e&

OH O OH O
- Ph/\‘/k/u\oa + Ph/Y\)LOEt
NHBoc NHBoc
9 91
> 99 <1
OH O
CH4 OCH4
MHAC

Dynamic kinetic resolution is observed
for some substrates able to racemize

Ki > k; and k,

10



Noyori hydrogenation reaction: a brief overview

H (8 atm)

(R, R)-Au catalyst (0.05 maol 23)

FBUCK (0.8 mol %)

O CHy
N
o

R'I,

'1 Simplified mechanism

AArHH

- ]—»Emj

Arf Ar HH Arf Ar

_h_

ee = 90-100% ee = 94-95%
z Me
\ /
ee = 97-99% ee > 99%
(=0, S, NTs)

HFrOH, 25 °C

Y

ee > 99%

OH CH,
N
O

06 25, 92 8 % ee

Rl
R0,
H H

OCHs
QGO ETS:
"‘xﬂlu,f OCHg
s | ‘\N uH

Al = 3,5-(CH3)2-CgHa

trans-RUCl:{( F)-xylbinap][{ A-diapen]

Chelation by another Lewis basic
functional group is not required

OH HO
J T ACF
vy R
ee = 96-99% ee = 95-98%
OH
OH

Me R/\)\R'

ee = 86-99%

JACS 1998, 120, 13529; Angew. Chem. Int. Ed. 2001, 40, 40

e

\)

OH

= BMS181100 (antipsychotic)

ee = 99%

11



Enantioselective reduction of ketones : a brief overview

O
T

resolution

e

—~
1+
~

O R'—M- L* or
)LH + R'—M + L*(cat.) or

ﬁ ) R'—M + [MJL* (cat.)
A

0 =

3

R R'
ﬂ O H-M-L* or
R "R' + H-M + L*(cat.) or
H H R"O H H-M + [M{L* (cat.)
or
R R' R H

What needs to be remembered?

The principle of the most classical enantioselective reduction of ketones (with BINAL(OEt)HLIi, DIPCI, oxazaborolidines)
should be known (but the sense of induction in each case need not be remembered).

You should be aware that the enantioselective reduction of a wide variety of ketones possessing another coordinating group
(typically p-ketoesters) or not (aryl/heteroaryl/alkenyl/alkynyl ketones) can be achieved by hydrogenation in the presence of a
chiral ruthenium catalyst. BINAP or related substituted derivatives are classically used as chiral ligands.

Ru complexes possessing a chiral diphosphine and a chiral diamine as ligands lead to excellent results.

12




Optically enriched secondary alcohols

OH
}\ resolution
R™” R
)
ﬁ 0O R'—M-L* or
R)LH + R'—M + L*(cat.) or
OH ﬁ R'—M + [M{]L* (cat.)
_
ﬂ % O H-M-L* or
R "R + H-M + L*(cat.) or
H H RO H H-M + [M{L* (cat.)
or
R)LR RXH

13



Backwall dynamic kinetic resolution : bio- and organometallic catalysis

Ph

Ph
PhJQ/
\_ _Cl +t-BuOK

Ph Ph .RU\
(cat.) OC\ CcO OAc
OH OH

)\ Novozyme 435

R(L) R(S) ' R(L)/\R(S) Na,COg3, toluene, rt ~ R(L) R(S)

QAC

ee =91-99%
yields > 90%

Novozyme 435 = Candida Antartica lipase B immobilized
on polystyrene (cross-likned with divinylbenzene)

X

H

° Phon K RL)”™ "R(S) t-BuOH R(S)
RL”R(ES) Ph% d \__A ﬁ/ fR(L)

selectively acylated by the lipase Ph Ph s.RU’\ ~ Ru \)

/(")\H on ©C Co o

R(L)” R(S) R(L)}\R(S) jl

racemized by the Ru complex

Ph H R(S) Ph

Ph Ph R(S)
Phﬁ/ R(L) Ph ﬁ\‘)\
~N._ .O — — ./ ZTR_L)
Ph Ph .Ru . 3 )
oc % ocC
CO Co

14
JACS 2005, 127, 8817



Fu’s kinetic resolution with « chiral DMAP » analogs

Ac,0 (0.6-0.75 equiv)

OH QH “chiral DMAP" (1 mol %) QH QAC
/L + AN ' )\ +
R(L)” “R(S) R(L)” TR(S) Me  Me R(L)™ R(S) R(L)”R(S)
Me Do +0°C _
OH unreacted enantiomer
slower reacting faster reacting (yield < 50 %)
enantiomer enantiomer
(rate kq) (rate k»)

selectivity factor s = k, / ky

OH OH I ‘ 7
MGQN
t*./ -y Me
=N"7 Ph/'\Me Ph t-Bu Ph/'VCI @J\ ‘
e

Ph Ph
Ph/@bj\ph s 43 95
Ph ee 99% 96% 93 Y% 99 % 95%
conv  55% 51% 56% 53% 52%

“chiral DMAP"
By Jlipshultz - chemdraw, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=22926507

15
JACS 2005, 127, 8817



Optically enriched secondary alcohols

OH
}\ resolution
R” R
()
ﬁ o) R'—M-L* or
R)LH + R'—M + L*(cat.) or
"R

. Z
1 XM o o

RJLR, + H-M + L*(cat.) or
H-M + [M{L* (cat.)

16



Nucleophilic addition of organozinc reagents to aldehydes

.ZnR'
O . @)
no reaction
)L + R'—Zn—R' > )\ ,
R* H (or extremely slow) R™ R
. ZnR'
O Y addition 0 H,0 OH
JL + o0 > )\ — > )\
R H o /,Zn\\ o R R R R'
Rl 5+ RI
Chiral ligand : catalytic enantioselective addition
Me . _Me Me. _Me Me,
Mez N\ IR
NMe; R',Zn N : Zn.
: R -
OoH —— RH+ o, N = 12 ol °

Me Me O = RN
(-)-DAIB Lewis base ) K Me,

Lewis acid
O
Rozn | M

Me Me M
RTOR N .
R
o—, S
\\Zns~A\ H

. O—<
Rlzntuz/// R

But few diorganozinc are commercially available (Et,Zn, Me,Zn)

.ZnR'
0 H

Noyori Angew. Chem., Int. Ed. Engl. 1991, 30, 49; Soai Chem. Rev. 1992, 92, 833
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Carreira’s enantioselective alkynylation of aldehydes

Zn(OTf), (1 equiv)
(S)-NME (1.2 equiv) OH

)OL . He—n Et;N (1.2 equiv) )\
— ' R A
R H toluene, rt N

High ee's (ee > 90 %) for most aldehydes (alkyl, aryl)
Moderate yields for unbranched aliphatic aldehydes
Tolerates a wide variety of substituents on the alkyne

RI

Me,N  OH l
RI

*H—Zn—==
=y (+)-NME

N-methylephedrine Chiral zinc acetylide formed in situ

A catalytic version (with 20 mol % ligand) has also been reported (toluene, 60 °C)

Other catalytic enantioselective alkynylation reactions of aldehydes have been developed

JACS 2000, 122, 1806; JACS 2001, 123, 9687; Acc. Chem. Res. 2000, 33, 373
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Pericyclic reactions : Definition and representative classes

Pericyclic reactions are concerted processes in which bonds are formed/broken in a cyclic transition state
(with a cyclic movement of electrons)

(concerted process = single transition state from substrate to product without any reaction intermediate)

Electrocyclizations Conversion of conjugated polyenes into cyclic products
Can be achieved thermally of photochemically

~-R 6n—EIectrocycI|zat|on R
| _ - e Electrocyclization mode depends on

R Elect i - the number of electrons (4n+2 or 4n)
ectrocyclic fing-0pening  thermay ; cis trans - the activation method (A or hv)

"Woodward-Hoffmann rules"

disrotatory conrotatory

HOMO triene LUMO triene

Cycloadditions Two unsaturated compounds converted into a cyclic product in one step

[2+2] = [4+2] (3+2)
|- — =0 ol &2,

often indicated as [3+2] althgouh this
does not reflect the number of electrons

1

ADVANCED SELECTIVE ORGANIC SYNTHESIS (ASOS)



Pericyclic reactions : Sigmatropic rearrangements

Sigmatropic rearrangement

Concerted migration of an allylic ¢ bond with concomittant reorganization of the © system
A new ¢ bond is formed between atoms not linked previously and a ¢ bond is broken

There is relocalization of = bonds in the product but the total of © and ¢ bond does not change
S) 13 @ s

e z X
AZQ“/) [2,3] . zﬁ [3,3] @

n and m correspond to the number of atoms
on each side of the broken ¢ bond
n < m by convention

[n.m]




Hydrogen [1,n]-shift

t
[1,3]-shift h —_— [?‘ =—— q

thermal activation photochemical activation
H@ H@ A
HOMO 8/2\8 LUMO
(allyl radical) (allyl radical)
antarafacial suprafacial

difficult to achieve thermally
(forbidden process)

[1,5]-shift suprafacial (allowed) antarafacial (difficult)
HOMO H@ suprafacial H@ LUMO
(pentadienyl radical) (pentadienyl radical)
k‘ antarafacial

A similar analysis would lead to the following conclusion

[1,7]-shift antarafacial shift possible suprafacial
(enough flexibility)



[3,3]-Sigmatropic rearrangements

Claisen rearrangement Cope rearrangement
XN [33] z [3 3]
O}\ ) @) N
N — AX
Discovered by Rainer Ludwig Claisen (1912) [3,3]-rearrangement of 1,5-dienes

disclosed by Cope (1940)
r _ B3

180 200 °C

m ® Q;
minor pathway if R = H

C02 COZ
NH3

transamlnase

CO,. ~0,C,.
@\J\ Chorismate mutase

OH
chorismate prephenate tyrosme
a key branched point intermediate in the biosynthesis of aromatic amino-acids in plants



Cope rearrangement

The equilibrium can be displaced:
- By a relief of ring-strain

<o Wl — CX

[3.3]

O

(CF3CH20)2P\/COZEt
H KH, 18-crown-6 r
: — >
0 THF/toluene | | A
EtO,C Et0,C” EtO,C Et0,C  CO,Et

(Still-Gennari olefination: Tetrahedron Lett. 1983, 24, 4404)

- By the presence of an alcohol/ alkoxide

HO [3,3] HO 20 KO
B e "0 ="0 "0
\(‘; 250 °C

331 KO X

25(: Z

Anionic "oxy-cope"

1019 to 1017 rate acceleration !

"Oxy-cope"
=\|v| Cl [3.3]
o THF z Ll

(dr = 70:30) 320 °C
KH, 18-crown-6, DME, 25 °C, 14 h

Org. Biomol. Chem. 2013, 11, 7587; JACS 1964, 86, 5019; J. Org. Chem. 1983, 48, 1000

50%
85%




. Z
Claisen rearrangement o 33 oPN«
} )
Kﬁ}‘ T osUs

- Carbonyl compound more stable than vinylic ether (by ca 20 kcal/mol)
- Requires the generation of a vinylic ether from an allylic alcohol derivative (sometimes more difficult than the rearrangement itself)

- Extremely useful tool in organic synthesis (many applications)
Z=0R Johnson-Claisen (1970)

Z=NR, Eschenmoser-Claisen (1964)
Z = OSiR; Ireland-Claisen (1972)

- Several variants have been developed

- Many opportunities for stereochemical control

(E) or (2) control during enol ether formation?
stereocenter created
t)
(B)or2)? 4 /
RII

5\{
R \
3,3 . -
)Oi/x\ 13.3] > O % diastereoselectivity ?
A’y *
stereocenter immolated stereocenter created chirality transfer ?

7 chair-like TS (in most cases) boat-like TS
/& preference for
o [3,3] A o) equatorial position

| n"t X z =g R"

( suprafacial R ‘ R — /.
n' *y prafacia % R _""\4
: - O O / R’
if X = CH, preference for chair-like TS
if X = O, preference for boat TS ‘|‘ opposite faces of Z ‘ll
enol ether involved 6



Claisen rearrangement

o ? L wa
R)\/\Rl g )O\/\ S130°C O\
R R' R R'

Generation of the vinyl ether : classical methods

- Eto/\ , Hg(OAC), (cat.) transetherification

- KH, /\S’Ph then heating (enol ether rearranges under these conditions)

O
Me

M O& TsOH (cat.) or HPO, "Saucy-Marbet conditions"
e

/\
Some other protocols Cp2T| / Cp,TiMe,

(Tebbe reagent) C| (Petasis reagent)
R" \ / R"

Esterification O Cp,Ti=CH,

)\/\ — = )\/\R' — )\/\ (+ Cp,Ti=0)

R
Cs,CO R M M
Sz 3 2 e e
xR
Cul (cat.), ligand L O)\"'

— o+ s~ R2 ’ - P Me _ _ Me
R R | toluene, 80-120 °C R)\/\ R NN

' (rearranges under
Ulliman-type coupling (Buchwald) the reaction conditions)




Claisen rearrangement . Examples

n-Bu\O/\ (5 equiv) o
OH Hg(OAc), (10 mol %) H
OH
NaOAc (10 mol %
Ph)\/\Et ( = e e T N
reflux (73 °C), 10 h Me
79%
_ ~ -
y o 1) A soph y g

= Me
Me
= Ve

Synth. Commun. 2002, 32, 869

NaH, KH, THF, 3 h

>
2) decalin, 150 °C, 40 h

7/

/AI N

N\
szTl \

Cl
pyridine

CH,Cl,/THF, -40 °C

TBSO™
Me

: Tetrahedron Lett. 1995, 36, 15; JACS 1996, 118, 727

n-Bu 07X (5equiv)
Hg(OACc), (10 mol %)

M
NaOAc (10 mol %) ©
o M NS
Ph  sealed tube, 180 °C, 8 h €
53%
H
[3,3] " i Me
—» e
then = 1 0H
LiAIH,, THF ~ Me H Me
73%

CHO

Ph



Johnson-Claisen rearrangement

CH3C(OEt); OOH i OEt ] OEt
OH (cat.) O& [3,3]

EtCO,H (cat.) or O,N
R)\/\R, '
gradual heating up to 140 °C R)\/\R' R A R’
(EtOH is distilled-off)

ketene acetal

CH3;C(OR)5 : orthoacetates essentially used, limited stereocontrol for other orthoesters (but cyclic ones are useful)

OH
- Me CH3C(OEt)3 Me
Oi EtCO,H y
Me .- S > MG BN
\”\ Me 160°C,6d \”‘ Mo COLEt
80%
CH3C(OEt);
Br Me o) OH/ EtCO,H Br Me o) O
= - NG
90 °C, 12 h N OFt
66%
N
(4
_ EtO._ OEt CN}
Alternative \[ DBU
SePh -
+ i 1) NalO,4
2" otsops i (resin) Z Y oreops . OTBDPS
OH OH toluene, reflux 0 © 2) DBU o)
87% \[ xylene, reflux O
(TBDPS = t-BuPh,Si) SePh 84%

JACS 1970, 92, 741; Tetrahedron Lett. 1996, 37, 2863; Tetrahedron Lett. 1997, 38, 7909;
J. Chem. Soc., Chem. Commun. 1986, 325; Tetrahedron 1991, 47, 7171



Johnson-Claisen rearrangement : stereoselectivity

MeC(OEt), EtO,C
oH n-PentCO,H /\)\/
- 2
Me/k/\/OTBS - e OTBS

138 °C
75%
MeO OMe OH MeC(OEt)3 MeO OMe COZEt
EtCO,H
\E/\/k, n-Pent Z . I/(/\/ n-Pent
H : 120 °C : H
OBn OBn 98% OBn OBn
H  OEf OFt |
_|= |§ O
R VRl —» | O - A~ N
OH — \ ‘\H - R \ OEt
0] ' .
RV\R' —_— ~ - R R major diastereomer
(B) i T

AN OFEt R R O
m - Woa

minor diastereomer

_ R -
OH R H OEJ\ R 0O
—

(2) major diastereomer

Synth. Commun. 2002, 32, 869; Tetrahedron Lett. 1995, 36, 15; JACS 1996, 118, 727
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Eschenmoser-Claisen rearrangement

MeOXOMe NMe, NMe,

OH

A~ W | o _BI_ o

R R heating (120-140 °C) A~ N
R R R R
ketene aminal

Acid catalyst not required (neutral conditions)

MeO OMe MezN e)
Nl\/le2
> )
O dioxane, reflux <O W
o NHAC 45% o NHAC

MeO OMe CONMe;

I
NMeZ ath 1) I, THF/H,0
\\ o \\' OH
MeO dlglyme 160 C MeO% ~O

2) Bu3zSnH, AIBN (cat. )
75% 80%

(work-up with K,CO3/MeOH)

s

O
|v|eo><0|v|e CONMe,
H:C"  NMe; BnO A~me 1) Os MeOH then NaBH, BnO NH
> >
toluene, reflux 2) PPhs, DEAD, HNy
(ee = 97%) 95% MeO (ee = 94%) 3) PPhs, H,0 MeO
11

Helv. Chim. Acta 1964, 47, 2425; 1969, 52, 1030; Tetrahedron Lett. 1977, 18, 1625; J. Prakt. Chem. 1994, 336, 27



Ireland-Claisen rearrangement

LDA, LIHMDS .
g OSiM OH
j\/R" or KHMDS j)j"i”;?' ! :?, .
Esterification O Me;SiCl 07 [3,3] /éi fé[
 ——— —— —_—
R RT NPk THF, -78 °C R)\/\R- 7§rorcéf}8xrtR R H0 H IR

Esters precurors easily generated from allylic alcohols
Mild conditions for the generation of the ketene silyl acetal (-78 °C) and the rearrangement (in most cases)
If R" = H, C-silylation can be observed as a side reaction, TBSCI (t-BuMe,SiCl) usually lead to better results

OAC LDA OTBS

TBSCI A 0
- | flux
- o Xylene, refiux ‘.
. HMPA/THF, -78 °C y “—O0Bn

“—OBn then NaOH, H,O/THF HO2C
i “—0Bn _ 64%
Me [ Me 7]
LDA Me
| 0O Me.SiCl. ELN O._)-OSiMe; 2"k
' :/l/ esSICl EtN . ] » Me, N4, OH
€ g THE, -78 °C to rt € g toluene, 110 °C g/
80% BnO
BnO | BnO _

12
JACS 1972, 94, 5897, 1976, 98, 2868, J. Org. Chem. 1991, 56, 650 and 3572



Control of the geometry of silyl ketene acetals

R
e} Li—N‘
Me R
ROJ\( ™ RO
H THF, -78 °C

Cyclic transition state
(Ireland model)

OMe, Ot-Bu with LDA, THF
MeO LDA, THF/HMPA (77:23)
MeO LDA, THF/DMPU (55:45)
') LDA, LiHI\I/\l/IDS_or KHMDS
ROJH/OBn e3SICl
4 THF, -78 °C

JACS 1976, 98, 2868; J. Org. Chem. 1991, 56, 650

OLi

+ Ro)\

Me
(E) enolate

5 95
85 15
93 : 7

OSiMeg
Jx0Bn

/NMeZ
O=F-NMe,
NM62
HMPA

@)
Me\NJ\N.Me

L

DMPU

reversal of
kinetic selectivity

13



o Z ‘\OBn
/U\/;(Oj\/OBn

Ireland-Claisen rearrangement

\)C])\ LDA \)O\TBS
Me TBSCI Me =
O HMPA O 1)-78°Ctort
A0Bn > A0Bn >
| THF, -78 °C to rt | 2) NaOH, puis H* HO™ %
o OBn o OBn 65% Me « |
r=81:19
preference for boat TS O\A— 0
in this case (cyclic enol ether) >:§H \/ H | (sub. on pyran removed for clarity)
M
otes  |'BS© ©
M
e & Q
1) -78 °C to rt e
- Me
HO™ ™ "
AT
Me

OPMB

o)
Me\)L o LDA
= TBSCI "
HMPA €
- U
M€ 2) NaOH, puis H*
IT 60%
1)-78°Ctort P
2) H,OMH* MeO™ O
r
BnoMCOZMe
Me Me

THF, -78 °C to rt
single diastereomer

Me
\O':,”,Me
MeO” O LDA MeO” O
M TMSCI /\/k/\/M
BnO/\;/'\;/\’ S ———— B0 Y Y™ 3) CH,N,, Et,0
== THF, -78 °C Ve O 220 =2
Me O ) Me O
© OPMB € N7 oPvB 85%
0 OSiMe,
- - - H
O
R & —,
HTMSO H

JACS 1981, 103, 3205; Synlett 1997, 657; Tetrahedron Lett. 1993, 34, 1103

14



What needs to be remembered ?

- The main different types of pericyclic reactions including sigmatropic rearrangements and what nomenclature

[n,m] means

- Cope rearrangement, oxy-cope and anionic oxy-Cope versions
You should recognize these reactions and be able draw the structure of the product (all the stereochemical

aspects not been discussed thoroughly in this course)

- Claisen rearrangement and the different variants (Johnson, Eschenmoser, Ireland)

Classical methods for the generation of the reactive enol ether

Generation of ketene acetal derivatives (from orthoesters, amide acetals)

Generation of silyl ketene acetals and stereochemical control (Ireland model, reversal of kientic selectivity with HMPA or
DMPU, chelation control with glycolates)

You should recognize these reactions and be able to draw the structure of the product

You should consider the use of Claisen rearrangements for the synthesis of y,6-unsaturated compounds

You should be able to draw a chair-like transition state and predict/understand the stereochemical outcome of a
Claisen rearrangement (in simple cases, see slide 10 and slide 14 - last example)

15



A glimpse of other synthetically useful [3,3]-sigmatropic rearrangements

[3,3]-sigmatropic rearrangements applied to propargyl alohols

I Johnson-Claisen
CH4C(OE), |EtC

HO: EtCO,H ) \ [3,3] H \/—COZEt
— R' — O } — >=.
R IN=—R R R’

R

Overman rearrangement of allylic trichloroacetimidates

CClg CCl3
OH C|3§—_N [3 . o) NH O NH,
ase 2 3
R)\/\R' > )\/\ R/\)\R. —_— R/\)\R.

MeOH

High temperatures (130 °C) are usually required but can be catalyzed (Pd(Il) complexes)

Cyanate to isocyanate rearrangement

O O

L Tf,O, pyridine //N Ox, R"O)LNH

(CF5C0),0, EtsN
R)\/\R' or (CF3CO), 3 _ )\/\ [33] /\)\ R/\)\R'

//

16



A glimpse of [2,3]-sigmatropic rearrangements

Evans -Mislow rearrangement Ph

: - 0.t.Ph
)\/\

o~

* thiophilic reagent ex: P(OMe);

- )\/\R' PhS—P(OMe);

Wittig rearrangement

.S,

PhSCI 23]

base

G G
5 O)_)
base
)\/\ L )\/\
base
G = anion-stabilizing group
Me_ Me
G = CONR",, COOH (CO5,), >S H, =—R" ,Ar

n-acceptors stabilizing groups n-donors stabilizing groups

Wittig-Still rearrangement

ShB jnBug ji
Nbus;
) BulLi ‘\O ‘N
)\/\ b—» )\/\ R)\/\R.
ase

(- BugSn : tin-lithium exchange)

Ph
[O]
-
“0w.G HO ». G
[23] /\I /\/\[
R —> '
ea P!
—> R'

17



ADVANCED SELECTIVE ORGANIC SYNTHESIS (2019)

A. Guérinot, C. Meyer ESPCI :IE: PARIS

EDUCATION SCIENCE INMOVATION

Total Synthesis of Bioactive Natural Products

Total Synthesis of Rhizoxin D

David R. Williams," Kim M. Werner, and Bainian Feng

Tetrahedron Letters, Vol 3%, No. 39, pp. 6825-682%, 1097

{1
CHO
The rhizoxins are a family of sixteen-membered macrolactones with exceptionally potent antitumor and

antifuneal activity.
Scheme I#

Ar0S

7 Ar = 34-Dichlorophenyl
8 Ar=Tolyi

ey @) r-BugBOTE EtyM, CHzCly, 0°C ta —TE °C than 3, 95%; b} DHP, PPTs, CH;Cl, 100%; ) Oe0,, MMO, Acatons)
Hal), 88%; d) cyclopentanone, PPTs, HGOE,, CHeClp, 52%; o) UBH,, MeOH, Et0, 0 °C, 91%; f) TsCl, EtyN, CHaClz,
#8%; g} ArSH, NaH, DMFTHF, 0 °C, 85%, h} mGPEA, NaHCO,, CHaCly, BEY; ij)LDA, HMPA, THF, =78 °C than (£)-1.3-
diprome-2-bulene, B2 ) DB, tol, 105 G, T0%.

The authors observed that sulfone 7 gave a much higher yield of 9 in step j) (70%) than sulfone 8 (30% yield).

PPTS = Pyridinium p-toluenesulfonate DBU =
DHP = 3,4-Dihydro-2H-pyrane; THP = tetrahydropyran-2-yl
NMO = N-Methylmorpholine N-oxide C}N:j
HMPA : O=P(NMe,); \N
Scheme I1°
o o
,‘.,,J\"JL._/
| L‘-i .
PMBO" 2" “CHD — = PMB PME “CHy
10 R
Ma,' B“EE; "
g,h Lo o

PME 1CH

15

gy a) nBusBOTI, ElgM, CHaCly, @ °C to =78 *C then 10, 87%; b) BugB. LiBH,, HOAC, THF, 77%; ¢} TBDMSCL, Imid..
CHGCl,, (100%]; d) i MaH, CHal, THF, i PPTs, EI0H. 86 °C, §75% (two elaps); @) {COCI);, DMS0, EtyN, CHiCly, <78 °C 2
22 °C, than (CgH) PCHGDLCH,, BB%; 1) DIBAL, GHyCly, 93%,; 0) Ti(0'Pryy, (—-DET, 'BulOH, CaHy, 44 sieves, CH,Cly,
33%; hi PFed-Al, THF, =78 °C lo 22 °C, 30%, i) Piw-Cl, pyr, CHyCly, 0% [} Maz'BuSIiOTE, collidine, CHCl, 88%: k) DIBAL,
CHzCL, =78 °C, BT 1) (COCH,, DMSO0, CHOL fhen N, <78 °C 1o 22 C, 92%.

PMB = p-methoxybenzyl; (-)-DET = (-)-D-Diethyl tartrate; Piv = t-BuCO, Red-Al = NaAlH,(OCH,CH,0Me),;
collidine = 2,4,6-trimethylpyridine



Suggest a method for the preparation of aldehyde 10 from ethylene glycol HO(CH,),OH or glycerol
HOCH,CH(OH)CH,0H and p-methoxybenzylalcohol.

Assembly of the fragments:

Linkage of our nonracemic fragments was achieved through halogen-metal exchange of 9 ('‘BuLi,

2 equiv., THF/EtzOfpentane (4:1:1) at —120 °C; warming o 90 "C) followed by addition of aldehyde 15

(=90 °C to =78 °C). The process afforded a mixture (1:1 ratio) of Cy3 aleohol diastereomers 16 in 77% yield

(Scheme IM).'¥# Undesired isomer 16b was readily separated by flash chromatography and effectively converted

inio 16a via TPAP oxidation!¥ and borohydride reduction using (R)-2-methy]-CBS-oxazaborolidine, 20 giving a
BB overall vield of the desired Cy5 alcohal.

Scheme IT7

_ah__
16a ¥=H, ¥=0H -
PM 18b oM, YoH T Jab o
OCH3
(o]
SEMD. Ho kJ,m .
.
18 o
PMB 18 F = PMB
OCH, 18 OCH; 20 R=H

Tay: a) TPAR, MMD, 4A sioves, CHyClp, B0%; &) |A)-2-methyl-CBS-oxazaborolidine, BHy, THF, —10 °C, 85%; ) SEMC,
PR EIN, CHyGly, 94%, d) TBAF, THF, 84%; o) disopropylphesphoncacetic acid, 1-cyclohexyl-3-(2-morphodinosthyl)-
carbodiimide melhyko-tolusnesulfonata, DMAP, 44 sieves, CHoGCly, 57%: T HOAGHLOD (471), 48 h, 55%_& gl HalQy,
THF/HaD; h) TRAF, NWO, 44 sievas, CHyCly, 87%, 2 steps; 1) DB (2 equivh, THaCH, LICH [15 equiv), 4.6 x 107 M. 84%, |
DO, Hal, CHRClp, 96%; k) MnDy, 70%: 1 KHMOS, 4-[3-(diphenyiphosphinoy)-2-methylpropenyl]-2-methyloxazole, 449
m) MazBBr, THFCHCla, 0 °C, 65%

TPAP = n-Pr,N* RuO, o
SEM = CHZ-O-CHz'CHz'SiM63

DDQ

Completion of the total synthesis of 2 was realized by oxidation of the allylic aleohol 20, and Wittig
olefination (—78 *C, THF) with the carbanion generated from 4-[3-{diphenylphosphinoy])-2-methyi-propenyl]-
2-methyloxazole.? The all-trans-triene was obtained in 44% vield, 24 and deprotection of the Cy3 SEM ether
afforded synthetic rhizoxin D, [u]zj._: + 293* {c (.53, MeOH), with characterization data which were identical to
the literature for the natural product 23



	ASOS-CM-ALDOL et ALLYL
	Diapositive numéro 1
	Diapositive numéro 2
	Diapositive numéro 3
	Diapositive numéro 4
	Diapositive numéro 5
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Diapositive numéro 9
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17
	Diapositive numéro 18
	Diapositive numéro 19
	Diapositive numéro 20
	Diapositive numéro 21
	Diapositive numéro 22
	Diapositive numéro 23
	Diapositive numéro 24
	Diapositive numéro 25
	Diapositive numéro 26
	Diapositive numéro 27
	Diapositive numéro 28
	Diapositive numéro 29
	Diapositive numéro 30
	Diapositive numéro 31
	Diapositive numéro 32
	Diapositive numéro 33
	Diapositive numéro 34
	Diapositive numéro 35
	Diapositive numéro 36
	Diapositive numéro 37
	Diapositive numéro 38
	Diapositive numéro 39
	Diapositive numéro 40
	Diapositive numéro 41
	Diapositive numéro 42
	Diapositive numéro 43
	Diapositive numéro 44
	Diapositive numéro 45
	Diapositive numéro 46
	Diapositive numéro 47
	Diapositive numéro 48
	Diapositive numéro 49
	Diapositive numéro 50
	Diapositive numéro 51
	Diapositive numéro 52
	Diapositive numéro 53
	Diapositive numéro 54
	Diapositive numéro 55
	Diapositive numéro 56
	Diapositive numéro 57
	Diapositive numéro 58
	Diapositive numéro 59
	Diapositive numéro 60
	Diapositive numéro 61
	Diapositive numéro 62
	Diapositive numéro 63
	Diapositive numéro 64
	Diapositive numéro 65
	Diapositive numéro 66
	Diapositive numéro 67
	Diapositive numéro 68
	Diapositive numéro 69
	Diapositive numéro 70
	Diapositive numéro 71
	Diapositive numéro 72
	Diapositive numéro 73
	Diapositive numéro 74
	Diapositive numéro 75
	Diapositive numéro 76
	Diapositive numéro 77
	Diapositive numéro 78
	Diapositive numéro 79
	Diapositive numéro 80
	Diapositive numéro 81
	Diapositive numéro 82
	Diapositive numéro 83
	Diapositive numéro 84
	Diapositive numéro 85
	Diapositive numéro 86
	Diapositive numéro 87
	Diapositive numéro 88
	Diapositive numéro 89
	Diapositive numéro 90
	Diapositive numéro 91
	Diapositive numéro 92

	ASOS-CM-REDUCTION CO
	Diapositive numéro 1
	Diapositive numéro 2
	Diapositive numéro 3
	Diapositive numéro 4
	Diapositive numéro 5
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Diapositive numéro 9
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17
	Diapositive numéro 18

	ASOS-CM-PERICYCLIC
	Diapositive numéro 1
	Diapositive numéro 2
	Diapositive numéro 3
	Diapositive numéro 4
	Diapositive numéro 5
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Diapositive numéro 9
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17


