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L_ewis acids versus Brgnsted acids T

>  Dominant strategy: Metal-centered Lewis Acid starting with Friedel and Crafts

Wasserman, 1942 : cycloaddition of cyclopentadiene with benzoquinone

0 ’ 0
N Phenol or H* H* = CH3CO,H, CICH,CO,H
- BrCH2C02H, C|3CC02H
0 H 0
yield >90%
Yates and Eaton, 1960: Diels-Alder

0

0

0 AICI,, CH-CI O

O ] 3 212 A
A+ XCr - AT

rt, 1.5 min —
Without AICI; : 200 d, 95% yield

Wassermann, A. J. Chem. Soc. 1942, 618-621
Yates, P.; Eaton P. J. Am. Chem. Soc. 1960, 4436-4437



L_ewis aclids versus Brgnsted acids
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Lewis acid Bregnsted acid

Advantages Advantages
= Highly tunable (M, L*, X) = Somewhat tunable (A*, pKa)
= Interactions well defined = Metal free catalyst

v Strong (LA-LB) v' Mild reaction conditions

v Directional v" Non toxic (application to pharmaceutical

industry) and environment friendly

Disadvantages v Inexpensive
= Mostly metals v" Stable (usually to water and O,)

v Toxic m

Dominant catalysts in biocatalysis
v Expensive

Disadvantages
= |nteractions not well defined

| = High loadin .
P ML, usually, Y=0, NR? J J A
J\ L, = chiral ligand //H
R™ H X= counterion )YI\
R H

M.S. Taylor, E. N. Jacobsen, Ang ew. Chem. Int. Ed. 2006, 45, 1520-1543
Y. Takemoto, Org. Biomol. Chem, 2005, 3, 4299-4306
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Hydrogen-Bond Catalysis or Brgnsted-Acid Catalysis? —

>  The terms : Weak/Strong Bronsted acid, General/Specific acid catalysis

> LUMO energy of the carbonyl or imine decreases by lowering the electron density at
O or N atoms

> The H* or H-bond a crucial role in accelerating the reaction

Specific Acid Catalysis: Reversible protonation of the electrophile in a pre-equilibrium

step prior to nucleophilic attack. lons pa"-
\{ = =
A, ¢ HACa i HY. N Bronsted acid catalysis
R1
Y =0, NR

General acid catalysis or Hydrogen bond catalysis: Acid activation of an electrophile,
but not full proton transfer.

5
I .H-A - -
J.  + H-ACat Nu HY, ;_(Nu H-bond catalysis

R" "R2 R1"R2

Y =0, NR
H-bond complex

A strong Brgnsted acid will do Bransted-acid catalysis
= A weak Brgnsted acid (e.g. neutral) will do Hydrogen-bond catalysis

Petri M. Pihko Hydrogen Bonding in Organic Synthesis, 2009.



H-bond occuring in nature

> Serine protease acceleration of amide hydrolysis
= Double H-bonding: effective method for electrophile activation
= Multiple non covalent interaction with substrate : organisation of the binding site
= Bifunctional catalysis : activation of the nucleophile

Gly::ﬁg Ser\-1§5 Gly-193 Ser-195,
N~ -

B b "Oxyanion hole" i N
H.  _H H. H
.
Hiss7 R S , Hiss? R 1
Asp-102  O-. = H IR Asp-102 O.. T/ LR
—¢ HN 0 ~—¢ H-N e
o= =N H ) B Y
— 0 H
Ser-195 Ser-195
0
+ R —R'COzH +H,0 | —RNH,
NT R
H
Gly-193.Ser-195,
Gly-193 Ser-195, N N
NN Ao M
H H ol
S Oy
oj His-57 Pl
His-57 H. = psp- - O
pep102_ 0. _+/\%‘ c(n,j)\ﬂ. Asp-102 ’O,,fiiH'N\:Nj
A <0_:/H N\\me’x, N :o Ser-195
Ser-195

M. S. Taylor, Eric N. Jacobsen, Angew. Chem. Int. Ed. 2006, 45, 1520-1543
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Modes of H-bond catalysis
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>  Three modes of H-bond catalysis are going to be discussed

~ —, 8
., H-A

: R? :
Y ]_:| :
| | H
R1’J\R2 R1'L\R2 r r
X . X
double hydrogen bonding single hydrogen bonding bifunctional catalysis
CFq
= Ar
S
/J\ tBu S | Ar
: 2 .
N NJLN.“Q OH FC NJLN" CFs
H H OH H H
o Me~ N« _-Ph NMes
U Ar AT Takemoto )SI\
Jacobsen Rawal, Yamamoto FsC ” H‘N Y
AN OH
Ricci
'[l\l/j Q N NoH Me C'
-~ \"/\N N OH H H Y _
o H H Qe Me o N NQ, TR N@
HO, e L N
i A Rawal OH
Bu 0" “Bu Schaus OH
Jacobsen Deng
Sasai
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Double H-bond b

u
Pioneering work in achiral synthesis ==
Kelly, 1990 : Diels Alder reaction /N wo
@ . MO rt, 10 min R A? CaH, N = CoHs
COCHj, a S
H H
ield without catalyst : 3% \d’
viele W|ttr;1 c;tal;slty: $t94$o \ U

> Acceleration of the reaction rate (result with or without catalyst) and control outcome
> First proposition of a mechanism via double H-bond activation of the dienophile

> Control experiment:

= Presence of a monoprotic acid

= H-bond acceptor on diene decreases effect

> H-bond used to position (control) and activate (acceleration) the dienophile

T. R. Kelly, P. Meghani and V. S. Ekkundi, Tetrahedron Lett., 1990, 31, 3381-3384

10



Double H-bond Tk

Pioneering work in achiral synthesis e
Jorgensen, 1991 : Hydratation model (computationnal studies) - ~
H“O _H
> Accelerating effect of water in Diels Alder: Variation of AG and polarization I E
>  Two water molecule “clamp” the carbonyl : solvent effect
0]
_ N
Etter, 1991 : Crystallization NS J

> 1:1 cocrystals e poor urea with a wide variety of H-bond acceptors

N02
= With solvents : THF, DMSO ... @\ /@
=\With other acceptor : triphenylphosphine oxide, ethylene glycol A

> Proof of Double H-bond with the urea moiety (IR/X-ray)
> Ortho, para EWG, metha EDG : no crystallization
> Meta EWGs - molecules become nearly planar \ \) /
—> ortho- C-H protons lie as close as possible to the carbonyl group
—> Carbonyl (strong LB) does’nt form any intermolecular H-bond
—> N-H free to bind

—> otherwise, no crystallization

J. F. Blake and W. L. Jorgensen, J. Am. Chem. Soc., 1991, 113, 7430-7432 1
M.C Etter. T. W. Panunto. J. Am. Chem. Soc. 1988. 110. 5896-5897




Double H-bond
Pioneering work in achiral synthesis

Curran, 1994 : Allylation of a-sulfinyl radical

> Structure inspired by Kelly (NO, replace by CF;)

b
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CF3 CF;

Q 2 Q
CgH47,00C H H COOCgH47

> New “protic Lewis acid” to modify the rate and stereochemical outcome
>  Work of Renaud and Ribezzo : stereoselectivity increase with LA

:8 %,\\/SnBu3 I 8 | 8 8
L(%,Seph ABN é ' . é —~ csi‘.) P
v, | o O
) ) trans cis
solvent additive Trans/cis (yield %)

benzene none 2.5/1 (60)

CF,;CH,OH none 8.1/1 (83)

THF ZnBr,(0.5 eq) 8/1 (60)

benzene Cat (1 eq) 7/1 (81)

D. P. Curran, L. H. Kuo, J. Org. Chem. 1994, 59, 3259.

12



Double H-bond Tk

Pioneering work in achiral synthesis e
= Work of Waldner and De Mesmaeker : stereoselectivity increase in H-bond donating
solvent
9 1 7
] SnB Ph
Ph\_N’Sy.»~SePh AN \—N'Sy-"“\’/ + Ph\—gy\///
0 O O
solvent additive Trans/cis (yield %)
benzene none 5.3/1 (59)
EtOH none 9.8/1 (63)
benzene TFE (5 eq) 10.3/1 (63)
benzene Cat (1 eq) 14.1/1 (72)
o]
= Stereoselectivity cf model Ar\\NJ\N,Ar
= Acceleration polar effect H. M o--(HOSol),

\ol

,0-'LA 4
L LS LS
H H H

D. P. Curran, L. H. Kuo, J. Org. Chem. 1994, 59, 32509.



Double H-bond Tk

Monofunctional thiourea T
Jacobsen, 1998 : Strecker reaction 4 e my s I
e u
oy I e
= catalyst (4mol% %
N|/\/ TBSCN/MeOH on  TAA FoC” NN © Ny
H - 4 HO.
toluene CN
Bu QOCOfBu
conversion by 1H NMR ee by chiral GC K /
78% vyield
91% ee
> Optimisation of catalyst (parallel synthetic libraries)
thiourea or urea
X=0, S
bulky group and
additional chiral element l
N
_ , R'" RY [X
amino acid N J\ o
modular terminal function — R2 T{'\N, N _ -~ trans-.1,2-d|am|no cyclohexane
Hl [H - as chiral bacbone
@) N
HO . - .
. 180 catalysts Salicylaldimine (Schiff base)
R* =H, OMe, tBu, B
= Eefrom 19 to 91% tBu R* o

M. S. Sigman, E. N. Jacobsen, J. Am. Chem. Soc. 1998, 120, 4901-4902 Y



Double H-bond
Monofunctional thiourea

Jacobsen, 2000 : Strecker reaction

1) catalyst (1mol%)

PR TMSCN/MeOH Q
N| RS -78 °C . F3C N/\R3
Ri™ R 2) TFAA Ry CN
R,
MeHN™ > MeHN" > HHN/N\%7
[::T%iCN /E::T%$CN [::T%$CN
97% yield quant yield 88% yield
90% ee 99.9% ee 86% ee
>  Further modifications
0
N H,,Pd/C
F3C l;l/\F’h conc. HCI, 100 °C H';l Ph aé. MeOH/HCI
rR-TCN ~ Ry T>cooH
1 R2 R2

M. S. Sigman, E. N. Jacobsen, Angew. Chem. Int. Ed. 2000, 39, 1279-1281
Vachal, P.; Jacobsen, E.N. Org. Lett. 2000, 2, 867-870
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R T>COOH
Ro
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Double H-bond

Monofunctional thiourea
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Jacobsen, 2002 : Mechanism ,Strecker reaction

> First studies :

= Conformation of ground state A determined by ROESY/NOE
= Rate-limiting addition of HCN

= Reversible formation of imine-catalyst complex

= Only the 2 urea H are necessary

= Imine in the Z conformation (mixture of E/Z interconvert in solution)

= Conformation of complexe determined by ROESY/NOE

Vachal, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012-10014

16



Double H-bond
Monofunctional thiourea

> Maodel proposed
= Bridging mode

\|f OCO'Bu
BuO
HN"Xq

HO
Ph -
PG
N Nu HN/PG
J — "
/;; R, Re R,
Nu

Vachal, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012-10014

17



Double H-bond 1
Monofunctional thiourea T

Jacobsen, 2004 : Hydrophosphonylation of benzyl imines

4 | \1/ . ™
N HN >Ph R'=alkyl, aryl *’N\"/\N‘JLN“'Q
N Ph O catalyst (10mol%) A o H H
A * 2 -~ __A__Or2 R=An 0 N
R H RZO/&?@ Et,0, 4 °C R P-~0R? yield 52-93% HO
O ee 81-98% )Ol\
\ tBu 0 ty

Jacobsen, 2002 : Mannich type reaction

1) catalyst (5mol%)
/B - o B -
oc OTBS toluene, -40 °C, 48 h o

N
| + , > B - -
Ay T o T o Ky LS ~

Ar H . teus
Ph N A AN
Ho H

N
Jacobsen, 2005 : Baylis-Hillman Hoj£:L
K t-Bu t-By
DABCO Ns
N/NS O catalyst (10mol%) "NH O yield 25-49%
/m + oM > : ee 87-99%
Ar H | e xylene, 4 °C, 1-2 d Ar OMe
1) Joly, G.D.; Jacobsen, E. N. J. Am. Chem. Soc. 2004, 126, 4102-4103 2) Wenzel, A.G.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 18

12964-12965 3) I. T. Raheem, E. N. Jacobsen, Adv. Synth. Catal. 2005, 347, 1701-1708



Double H-bond
Monofunctional thiourea

Jacobsen, 2004 : Acyl-Pictet-Spengler
NH,

1) RCHO, 3 AMS NAc R=alkyl N7 N
N - A\ yield 65-80% o H Mg‘ N _pr
_QRo,
N 2) catalyst (10mol%) H R ee 85-95% U
H AcCl, 2,6-lutidine \_ -

Et,0O, -60 °C
e )
N+ﬂ\ Nk
H R H Cl R

N-acylium ion chloroamide

Jacobsen, 2005 : Acyl-Mannich reaction
O
CI)J\O/\CCIQ,

1) TrocCl XN

X I o
R1- > R _ NTroc
~ N 2) catalyst (10mol%) :

Et,0, -78 °C :
SCO,R2
OTBS

/\ , (2 eq)
OR

Taylor, M.S.; Jacobsen, E.N.; J. Am. Chem. Soc. 2004, 126, 10558-10559
Taylor, M. S.; Tokunaga, N.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2005, 44, 6700-6704

R'=H, R? = alkyl
yield 65-80%
ee73-86%

R'=Hal, Alk, NO,, R? = iPr
yield 67-86%
ee 60-92%

19



Double H-bond u’
Bifunctional thiourea
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>  Substrates used previously, restricted to imines
> But variation of the N-substituents

> Introduction of a functional group to obtain dual activation of both electrophile and
nucleophile

>  Catalysts usually possess an acidic and basic structural group for dual activation
> Higher yields and enantioselectivities can be obtained

N” i
H -
NN
tBu R4

|1 R3 X
M A
H

O

20



Double H-bond
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Bifunctional thiourea  —
Takemoto, 2004 : Michael reaction Fa
Jﬁi‘l i
> Chiral scaffold helps control approach of nucleophile FaC NTON T
N :
R?0,C._ _CO,R?
R20,C7 CO,R? ? ?
catalyst (10mol%) 1 NO,
R1/\/NO2 + O O > R
toluene, rt, 24 h
NG N R%0OC.__CO,R*
17~ NO;
EtO,C.__CO,Et 0
EtO,C.__CO,Et NN

N02 NO2
9§ 2
S
. O .

96:70 yield 95% yield 98% vyield
94% ee 92% ee syn/anti 99/1
90% ee

> Acidic thiourea activates nitroolefin
>

Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X.; Takemoto, Y. J. Am. Chem. Soc. 2005, 127, 119-125

Basic tertiary amine enhances the nucleophilicity of the 1,3-dicarbonyl compound

21




Double H-bond
Bifunctional thiourea

> Mechanism proposed (H-bond and orientation identified by NMR and X-ray)

. U NO
jl\ R/\\/ 2
(o] O Ar
SNTON
/U\)L H H
R20 ORZ?

/'?'\
H
S TN\
RZ20 Z OR? — —
S
S
Ar o
\'NJJ\N‘ Q Ar<, )-I\ o
H H N~ N
N H H
N : ¢ N
Oe.-N—:»O—'__ <N
OmetH
R20 0
/)
OR?
Rzozc:(c/ozﬁ? R
S S u—
NO
R Q .
NY

i Nt

o S

> +|NJ

RZ0,C

Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X.; Takemoto, Y. J. Am. Chem. Soc. 2005, 127, 119-125



Double H-bond 1

Bifunctional thiourea T
Alexakis, 2014 : Domino Michael/Aldol reaction 4 CF,

ol
e e
=10 Q P ? o cat (20 mol%) R0 oA L NMe;

WRZ ' I:/§_< toluene, 0 °C, 7 d ] =
O OR3 Rzo OR3

Bicyclo [3.2.1] octane highly substituted with 4 stereogenic centers (2 quaternary C)

>
> Only two diastereomers (can be separeted on FC)
D on P lonpP 7 oH7
i-PrO i-PrO
< OMe oM : oM
Ph g e = ©
Ph
37% y.ield 98% yield 96% vyield
r1.1:1 dr 11 dr1:4
87:13/85:15 82:18/80:20 91:9/94:6

A. Lefranc, L. Gremaud, A. Alexakis, Org. Lett, ASAP



Double H-bond
Bifunctional thiourea

> Firstinsight into mechanism

0 0
0
EtO \H\ﬁl:'h + @_{
o oM

e

EtO

one single diasterecisomer

cat. (20 mol %)

toluene, 0 °C, 7 d

Nucleophilic
carbon

0

O

’

o)

COMe

‘Ph

O oH

EtO

Ph‘- OMe

@]

> Diastereoselectivity determined in the aldol reaction

24



Double H-bond
Bifunctional thiourea

Nagasawa, 2004 : Baylis-Hillman reaction

0 cat (4mol%) OH O
(@) DMAP
X, - R
R™ H no solvent, -5 °C, 3 d
OH O OH O OH O
Ph (R) (R) (R)
33% yield 72% yield 67% yield
59%ee 90%ee 60%ee
>  Maodel proposed
OH

Y. Sohtome, A. Tanatani, Y. Hashimoto, K. Nagasawa, Tetrahedron Lett. 2004, 45, 5589

b
u
4 )
F.C Ho i v R CF,
leasiepe:
s s
R CF )
OH O OH O

88% vyield
33%ee

JHOINOA®
FsC

99% vyield
33%ee

25



Double H-bond u’
Bifunctional thiourea T

Wang, 2005: Morita-Baylis-Hillman ‘e S
N

o 0 cat (10mol%) OH O Nf CF4
- -~ R A
H CH3CN, 0 °C
OH O OH O OH O

Ph (R) (R) R Q

H H
24 5 d 34 FsC N\“/NH HN\n,N CF,
80% yield 67% yield 63% yield S S

R

83%ee 92%ee 94%ee
CFs CFs3
33% vyield 72% yield 67% yield \ /
59%ee 90%ee 60%ee

> Amine should not be too bulky to be better nucleophile
> Aromatic part of thiourea bearing EWG give stronger H-bond with carbonyl
> Still long reaction times!

Wang, J.; Li, H.; Yu, X.; Zu, L.; Wang, W. Org. Lett. 2005, 7, 4293-4296 26



Double H-bond
Bifunctional thiourea

> Insight into mechanism

S

~ AN

Mmhael addition

o catalyst retro-Michael
- N addition
i

‘\ J’L chiral ~ N— chiral
| | Scaﬁold |l| scaffold

\0@ 0 aldol reaction \‘0" 0

® -_—\y
N— N

> Low temperature and no H-bond donor solvent

Wang, J.; Li, H.; Yu, X.; Zu, L.; Wang, W. Org. Lett. 2005, 7, 4293-4296

0O O OH
N N \
chiral H #
scaffold| +

27



Double H-bond
Bifunctional thiourea

Jacobsen, 2005: Cyanosilylation of ketones

b
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@) cat (5mol%) TMSO N
JI§ + TMSCN - R
RT "R? CF5CH,0H, CH,Cl,, RT "R?
-78 °C
TMSQO N TMSQ N TMSO CN
\\ ‘\ Br _\
o Qo”
96% yield 98ZA: yield 952/0 yield
97% ee 97% ee 97% ee
> Mechanism
Q n-Pr
P . o ST D
HaC” N7 N NN | HoN
e NH
HCN H;,d %R

S.J. Zuend, E. N. Jacobsen, J. Am. Chem. Soc. 2007 ,129, 15872-15883

ot

addition via thiourea-
bound ketone




Double H-bond Tk

Bifunctional thiourea P—

BERN

Ricci, 2006: Friedel-Crafts a N\

CF;

catalyst (20mol%) R3 P
CH2C|2 FSC

Iz
I=

Y

RN

R? -24 °C, 3d R2 NO OH
mR1 + rTNO2 > R 2 - /
N
H

Iz

H NO, MeO No, N
O N Me O N H \ NO,
N N H
H N
H H
82% yield 86% yield 76% vyield
74% ee 89% ee 83% ee

R. P. Herrera, V. Sgarzani, L. Bernardi, A. Ricci, Angew. Chem. Int. Ed. 2005, 44, 6576



Double H-bond
Bifunctional thiourea

>  Further modifications

Pd/C 10% PhCHO
Ph Ph TFA
HCOONH, CH.CN
NO, CH;OH NH; reflax
A\ A\ -
N 85% N 89%
H H
85% ee

>  Without loss In ee

> Model proposed (according to crystal structure)

3

O. ‘;(fJ

&

R. P. Herrera, V. Sgarzani, L. Bernardi, A. Ricci, Angew. Chem. Int. Ed. 2005, 44, 6576.

H-0
H

Ph
N—H
\ -
N Ph
H
85% ee

30



Double H-bond
Bifunctional thiourea-counteranion effect

Jacobsen, 2010: a-alkylation of aldehyde

0 cat (20mol%)

Br
1 H,O (100mol%)
| )KrR . .
NEt; (100mol%)
Me R2 R2 AcOH (10mol%)

toluene, rt, 2 d

70% vyield
91% ee 90% ee
68% yield
92% ee

60% yield

> General acid catalysis (Sy2) versus formation of ion-pair intermediate (Sy1)

Brown, A. R., Kuo, W-H.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 9286-9288

31



Double H-bond
Bifunctional thiourea-counteranion effect

S
Ar\r;l/u\rlﬂ\\‘Q
HO.H HN
X
&
Ph—\
on  Me” TAr

Ar - B
Al‘x. Q Sn1-type Q Ph
HJ\:.(kPh

> Secondary kinetic isotope effect : k,,/k = 1.12 (transition state = sp3 to sp2)
>  Effect of EDG of the electrophile (reaction more rapid)
> Reaction does nt work with primary halide
—> S\1 via carbocation (anion abstraction)
Brown, A. R., Kuo, W-H.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 9286-9288

b
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Double H-bond

Bifunctional thiourea-counteranion effect

Jacobsen, 2009: Ring Opening of Aziridines

R catalyst (10 mol%)
HCI (1 M in Et,0,1.2-2 eq) R._,NHBz
NBz > \
o Et,0 (0.0025 M) R

97% vyield 94% vyield 96% yield
83% ee 92% ee 70% ee

>  Further modifications

_“\NHBZ DBU \
—_—
toluene .:
c| reflux, 14 h

3a 4
71% ee 72% ee
96% Yield

Mita T, Jacobsen EN, Synlett. 2009, 10, 1680-1684

{S} ‘\NHQ
_4MHCl -
N efiux, 111 . HCl
(,:,j"OH
5
71% yield

[o]p?® -18.3
(c = 0.44, EtOH)

33



Double H-bond

Bifunctional thiourea-counteranion effect

> Activation HCI confirmed by 3P NMR: phosphonium-Cl complex

|:I12 81 S
3,N : Jj\ w
i

O H H

PPhy

1 activation

>  Proposed catalytic cycle

= Diasteroselective: trans product
= Inversion of stereochemistry

- S\ 2 pathway

Mita T, Jacobsen EN, Synlett. 2009, 10, 1680-1684

w*

CI@

trans only

enantioselective
chlorination (Sy2)

/ ’ N N
oo e N N‘«A‘ H

Ph / H
%/NV ‘Cle

\%

uuuuuuuuuuu

34



Double H-bond

Bifunctional thiourea-counteranion effect

Jacobsen, 2009 : Strecker reaction

N Ph 4 N\
- - \/\Ngk eCN
> Previous mechanism SN e
H NS%
N\[r /Nj : L0CO'Bu
itBuO
HN e
) HO
Ph 5y
> New mechanism proposed: in accordance with enantioselectivity!
B g Ph g Fh
PhyHC, s H N>_”jH " H N>_N*'H
J\ + HCN — 1 Me. u,( "H--Ng —» Me. u,zi “H--Nga
N ~C. N=% C
H Bu i O H ' 0. '
Ph,HC . Ph,HC Sy S
* & ! ¥
PthCFNQ.]/R Ph.HC-NSLR
B H
>

.R;  HCN D R, )
JI‘ _— 'j“l" + CN
R, R,

S.J. Zuend, E. N. Jacobsen, J. Am. Chem. Soc. 2009, 131, 15358-15374

.R
HNT 2

R1’LCN

=z

HCHPh,
CN

35



Double H-bond
Bifunctional thiourea-counteranion effect

Jacobsen, 2007 : Acyl-Pictet-Spengler
@)

catalyst (10 mol%)

4J[f> TBME, -78 °C, 8 h . o)
N N R

Cl
o o O path B
' . Sy1-type
R R N

> Rgroup : alkyl vs H

> Halide counteranion effect

>  Solvent effects

- Sy 1-type mechanism (in accordance with DFT calculation)

I. T. Raheem, P. S. Thiara, E. A. Peterson, E. N. Jacobsen, J. Am. Chem. Soc. 2007, 129, 13404-13405

b
uuuuuuuuu
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Double H-bond u’
Bifunctional Cinchona-thiourea T

~
/

Hiemstra, 2006: Henry reaction
o
Catalyst (10mol%) OH OH [ N

(@) THF, -20 °C = N._ .=

JU + ON— - A N0z Ar/'\/N02
Ar H I " jl'l
>  Metal-free cat; ee<54% S” "NH
>  Cinchona alkaloid: ee<35%

OH OH OH

: ' NO
5~NO2 ®/(R)V NG S 2
\ NBoc

91% yield 95% yield
86% ee 91% ee 99% yield
92% ee
OH OH OH A

NO NO HN™ ™S
R 2 79~ V02 O G 2
\ NBoc ]

I
87% yield 97% yield \ /
93% ee 87% ee 97% vyield

92% ee
Marcelli, T.; van der Hass, R.N.S.; van Maarseven, J.H.; Hiemstra, H. Angew.Chem. Int. Ed. 2006, 45, 929-931 37



Double H-bond
Bifunctional Cinchona-thiourea

>  Enantioselectivity observed not clear but
= Aldehyde activated by thiourea
= Nitromethan activated by basic quinuclidine N

>  Also acceleration

> Model proposed

Marcelli, T.; van der Hass, R.N.S.; van Maarseven, J.H.; Hiemstra, H. Angew.Chem. Int. Ed. 2006, 45, 929-931.

b
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Double H-bond
Bifunctional Cinchona-thiourea

Deng, 2006: Mannich reaction

b

u

b
UNIVERSITAT
BERN

NBoc o o cat (20mol%) NHBoc
Jooow L - Ar)\(COzR
Ar H RO OR acetone, -60 °C, 16 h
CO,R
K Ar= 3,5-bisCF3Py
NHB SN2
NHBoc oc NHBoc / \
CO,Bn o~ C0Me COLAllyl | tBus
(S) (S) PhVN\(\NJLNW
CO,Bn . CO.Me COLAllyl L
NN
99% yield 99% yield 99% vield HO
99% ee (91) 99% ee (93) 97% ee (91)
t-Bu t-Bu
> Further modifications
e :rzofsrgi:i::e?’)‘*’ NHBoc 1) Pd/C, H, e
ocC ’ oC
CO,R  MeOH, 10h
coH  THE3h 2 . COH

2) dioxane, COzR 2) toluene,
reflux, 3 h reflux, 2 h

R=allyl, 96% ee R=Bn 96% ee R=Bn, 94% ee

72% yield R=allyl 96% ee 74% yield

Song, J.; Wang, Y.; Deng, L. J. Am. Chem. Soc. 2006, 128, 6048-6049
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Double H-bond u’
Bifunctional Squaramide

b
UUUUUUUUUUU

Rawal, 2008: Michael reaction 4 L H )
N ﬁo‘\%
> Scaffold rigidity FaC = N
ealve
> Pseudo-aromatic nature CFs B
= polarized nitrogen moiety /N—H acidity enhanced \ N /

>  Longer hydrogen bond spacing

> Inward converging N—H bond vectors

2.13A 2.72A

J. P. Malerich, K. Hagihara, V. H. Rawal, J. Am. Chem. Soc. 2008, 130, 14416-14417 20



Double H-bond
Bifunctional Squaramide

Rawal, 2008: Michael reaction

b

u

b
UNIVERSITAT
BERN

O O
NO U catalyst (0.5mol%) R3 R3
™ >
RITX"2  + R2 R3 o NO,
CH,Cl,, rt, 9-24 h
O O
t-BuO
NO
R) 2 W~ NO2 A~ NO2 NO,
(S)
Br
98% yield (89) 98% yield (84) 95% yield 96% yield
98% ee (95) 97% ee (93) dr:1.6:1 dr :18:1
96% ee 98% ee
CR)

0 O
FsC i f
N HN
\Q/\H
CF5

.

/ \H\ -~
Y o
N

N
H H

J. P. Malerich, K. Hagihara, V. H. Rawal, J. Am. Chem. Soc. 2008, 130, 14416-14417
J. Wang , H. Li \W. Duan, L Zu, W Wang, Org. Lett., 2005, 7, 4713-4716
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Single H-bond Tk

Monofunctional diol —

>  Challenges with single H-bond :
= Less strenght than double H-bond

= Less directionality which reduces the ability to achieve suitably rigid catalyst-substrate
complex

>  Goal:
= (Good catalytic activity : lowering LUMO level electrophile
= Good enantioselectivity by shielding one face of the electrophile

43



Single H-bond
Monofunctional diol

> TADDOL and BINOL useful ligands for LA mediated processes
> Use in general acid asymetric catalysis recent

> pKabinol ~ 18 / pKa diol ~ 20

>  Commercially available (TADDOL 1g, 190 CHF, BINOL, 1g, 43 CHF)

u
~ oy o)
(@) OH
) OH
\_ Ph P

SRk

6 J

> Previous work done by Hine and co-workers showed that Biphenylenediol can

accelerate epoxyde opening probably by double H-bond

OH OH
| N | N
= =

OH

0 (15mol%)
Pho_<| + EtNH - PhD\)\/NEtz

butanone, 30 °C

J. Hine, S-M Linden, V. M. Kanagasabapathy , J. Am. Chem. Soc, 1985, 107, 1082

44



Single H-bond Tk

Monofunctional diol : TADDOL derivative T
Rawal, 2002: Hetero-Diels-Alder reaction (HAD) / Ar. Ar\
Me O OH
> Investigation of solvent effect : acceleration in protic solvents MEXD“‘ OH
(reaction 630 times faster in isopropyl alcohol than THF) A A
Ar = 1-naphthyl

TBSO O~ _H ©/0Me \ (R,R) /

solvent TBSO
N + > |
no cat )
NMe2

OMe NM62

> Solvent protic with OH not shielded and not implied in solvolys are the best !

>  H-bond between a solvent molecule the aldehyde carbonyl served to lower the carbonyl
LUMO

>  Extension this new concept to asymmetric catalysis by examination of various chiral
alcohols

Y. Huang, V. H. Rawal, J. Am. Chem. Soc. 2002, 124, 9662 45



Single H-bond
Monofunctional diol : TADDOL derivative

> HAD using chiral catalyst

TBSO

Ar = 1-naphthyl

e

NM62 NM62

CF,
@ @
o) ~ e) O

(S) (S) (S)

NGO NSO NSO
77% 78% 97%
96:4 ee 97:3 ee 97:3 ee

Y. Huang, A.K. Unni, A.N. Thadani, V.H. Rawal, Nature. 2003, 424, 146

Y

TBSO R
o cat (20 mol%) | CH,COCI O R
X + )J\ > 0] \l\:/\r
R™ H toluene, -40 °C, 24 h CH,Cl,, -78 °C, 15 min 0O

46



Single H-bond Tk

Monofunctional diol : TADDOL derivative o

>  Evidence for acceleration : without catalyst, no reaction
> Evidence for H-bond : mono-methyl or di-methyl derivativ

>  Crystal structure of catalyst

= Intramolecular H-bond between the 2 hydroxyl groups: resulting proton more acidic for
intermolecular H-bond and well orientated

= 1-naphtyl group restrict the rotation about C-naphtyl

>  Representation of the X - ray structure of a 1 : 1 complex between TADDOL and
aldehyde: Re-face

Y. Huang, A.K. Unni, A.N. Thadani, V.H. Rawal, Nature. 2003, 424, 146
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Single H-bond uw
Monofunctional diol : TADDOL derivative o

1) LiAlH,

2) HF/CHsCN O oH
TBSO TBSO . )
(@) cat (20 mol%) N
\ + R > -\\CHO R
%H toluene, -80 °C, 2 d T R HF/CH,CN o
NMe2 N|\/|e2 >
JICHO

R
@) 0] O
OH OH OH
OV G WL W

i-Pr i-Pr R
81% yield 83% yield 82% yield
92% ee 91% ee 89% ee

> TADDOL (Ar=Ph, yield=30%, 31% ee)
Derivativ (Ar=1, naphtyl, yield=83%, 91% ee)

A.N. Thadani,. A.R. Stankovic, V.H. Rawal, Proc. Natl. Acad. Sci. 2004, 101, 5846-5850 48



Single H-bond
Monofunctional diol : TADDOL derivative

> Proposed mechanism

= Free proton forms strong H-bond to the carbonyl (low LUMO level)
=  Electron deficient double bond stabilized through n-n

= 1-naphtyl shields one face

= Si-face favoured

= Atlow T, more persisten H-bond, better organisation

A.N. Thadani,. A.R. Stankovic, V.H. Rawal, Proc. Natl. Acad. Sci. 2004, 101, 5846-5850

b
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Single H-bond uw
Monofunctional diol : BAMOL o

Rawal and Yamamoto 2005: Hetero-Diels-Alder reaction (HAD) ‘O Ar

> Axially chiral BAMOL catalyst proved effective ‘O Dar
;

Qr=4-F-3,5-Et206Hy

TBSO R
(0] catalyst 20 mol% | CH5COCI O R
5y - R ‘ 0 - )
o 78 ° i o)
NMe, R* H  toluene, -40 °C, 24 h NMe, CHCly, -78 °C, 15 min X
O
@) \\\Q ©) K
R)] (R)
O O

TBSO

O2N =,
S Q v %_ it

(@) \
(R)
O

96% vield 99% yield 93% vield et"‘\' &
99% ee 84% ee 98% ee a, )
w ¢.
o ¢
“.
Y 4

>  Evidence of single H-bond donation: X-ray structure catalyst (Ar=Ph)/benzaldehyde.
> Both intra- and inter- molecular H-bonds are observed

A.K. Unni, N. Takenaka, H. Yamamoto, V.H Rawal, J. Am. Chem. Soc. 2005, 127, 1336-1337. 50



Single H-bond

Monofunctional diol : TADDOL derivative o

Yamamoto 2004: Nitroso Aldol Synthesis

> O-nitroso versus N-nitroso :O-nitroso favored in acetic acid (99:1)
N-nitroso favored in MeOH (99:1) Ar Ar

()3
DH L] 1]
O OH R“N'R

0
O\ -P
H (30mol%)
R R

O TADDOL i
|~\‘ . N (30mol%) - N“Ph
In toluene
-78°C, 2 h

X1

Ar=1-napthyl

N

Et;,0 R" R
.78°C, 2h R R
w () ) )
N N N OH N (I)H
O _Ph ! N
O _Ph SN N. N
e G Cre O
H
77% yield 91% yield 81% yield 91% yield
92%ee 90%ee 83%ee 79%ee

N. Momiyama, H. Yamamoto, J. Am. Chem. Soc. 2005, 127, 1080-1081
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Single H-bond uw
Monofunctional diol : TADDOL derivative o

> Asingle regioisomer can be formed exclusively depending on Brgnsted acid and enamine
= Pyrrolidine for acidic conditions with (S)-1-naphtyl glycol
= Morpholine for less acidic conditions with TADDOL

Diol cat

_.O—H
H regioselective :N-Nitroso
— E— . .
R O\ @) enantioselective

Carboxylic acid cat

©j regioselective :0-Nitroso
/O O enantioselective
Q-

from the top

N

N. Momiyama, H. Yamamoto, J. Am. Chem. Soc. 2005, 127, 1080-1081

Yamamoto , H., Kawasaki , M, Bull. Chem. Soc. Jpn.. 2007, 80 , 595 — 607 52



Single H-bond uw
Monofunctional diol : TADDOL derivative o

Rawal 2005 : Vinylogous Mukaiyama Aldol reaction

catalyst (20%mol)
>< o toluene -80 °C or -40 °C >< Ar Ar

Ar=1-napthyl
TBSOM R™ H 1 N HCl O)\/\/'\R SS
sy

0><0 OH 0”0 OH
ON%( w o = A OBn
© i:: 4d

60%:) yield 73% yleld 54% vyield
87%ee 90%ee 22%ee

> Only product from attack at the y position of silyldiene
> Further transformation
>

O O OH toluene / H,O O OH
= OEt = OEt
O 120°C, 6 h

© 87% . ©

V. Bhasker, M. Gravel, V. H. Rawal, Org. Lett. 2005, 7, 5657-5660 £3



Single H-bond Tk

Monofunctional diol : TADDOL derivative —

> |Insight into the Mechanism, proposed model

> Internally H-bond arrangement

>  Free H atom on the catalyst (expected to be more acidic than a normal OH) can form H-
bond with the aldehyde oxygen, and lower its LUMO

>  Stabilization of the H-bonded aldehyde through a postulated z- z

>  Re-face accessible to attack by the nucleophile

V. Bhasker, M. Gravel, V. H. Rawal, Org. Lett. 2005, 7, 5657-5660
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Single H-bond

Monofunctional diol : TADDOL derivative o

Rawal 2006 : Mukaiyama Aldol reaction e ar Ar )

OTBS o
Me\w)\(l\ﬂe + R)J\H
Me H

1) catalyst (10mol%) o on \/\/><0 OH
toluene, -78 °C, 2 d = - . OH
> Me\N)JY\R "’-'-ﬁ
2) HF/CH4CN Ar Ar

[
Me Me \ Ar = “I-naphlhjd/

>  Enantioselective and Diastereoselective reaction

O OH

Me . S)
© N .)(S)

| -
Me Me
94% yield

d.r.: 15:1
98%ee

88% yield

O OH O OH
Me . s) OM :
° N > °©  Me "y
= | z
Me Me M M
e e Cl

81% vyield 86% vyield
d.r.: 13:1 d.r.: 20:1
97%ee 97%ee

[CpoZr(H)CI] Schwartz reagent
CH,Cl,, rt, 30 min-]2 h

O OH O OH
)~ oM :
H)%@ © H%
I\7Ie |\_/|e
Cl

84% vyield 85% yield

McGilvra, J.D.; Unni, A.K.; Modi, K.; Rawal, V.H. Angew. Int Chem. Ed. 2006, 45, 6130-6133
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Single H-bond Tk
Monofunctional diol : TADDOL derivative

b
UNIVERSITAT
BERN

Rawal 2009 : Mukaiyama Aldol reaction
>  Aldol reaction of a-ketoester

R'=alk, O-alk, O-ar, hal

1) catalyst (20mol%) R?= Me, Ph
OTBS O toluene, -78 °C, 1 d Q O|:|R2 R3=Me, tBu
Me. R'" . OR3 ~ Medo L _OR3 ’
N R2 N
| 2) HF/CH5CN ! ;
Me H O Me R' O yield 51-85%
dr 15:1-99:1
ee 78-97%
> Aldol reaction with acetyl phosphonate
oTES 1) catalyst (20mol%) o R'=alk, O-alk, O-ar, hal..
1 O Ve toluene, -78 °C, 2 d HOS OMe yield 51-82%
Me\N)\(R + )J\P/ > Me\N)H)\ /\ dr 97:3-99:1
| 7 2) HF/CH5CN ) 7 “OM -999
Ve H g OMe ) 3 Me R' O e ee 89-99%
> Aldol reaction with acyl cyanide
1) catalyst (20mol%) _
oTBS o) toluene, -78 °C, 1 d Q = ,0TBS R'=Me, 78% yield, dr 1:1, 75%ee
Me\N)\(R + )J\CN > Me\NM R'=0Ph, 85% yield, dr 2:1, 70%ee
| 2) AcOH/CH;CN | ;1 °N
Me H Me R

V. Bhasker Gondi, K. Hagihara, Rawal, VV.H. Chem. Commun., 2010, 46, 904-906
V. Bhasker Gondi, K. Hagihara, Rawal, V.H Angew. Chem. Int. Ed. 2009, 48, 776 —779 o6



Single H-bond
Monofunctional diol : BINOL derivative

Dixon, 2006 : Enamine Mannich Reaction

O 1) catalyst (20mol%)
[ ] N/BOC toluene, -30 °C, 48 h O NBoc
+ >
N |
& Aer 2) H;0* Ar’ Ar?
Ar'

O NBoc NBoc O  NBoc

O
L OO TO e
(J F

64% yield 98% yield 92% vyield
84% ee 68% ee 80% ee

>  Extra H- bond, bulky group or EWG at 3,3’ position decrease catalytic activity and ee

> Aprotic apolar solvent and low temperature are optimal conditions
> Mono-methylated: decreased yield and ee : 2 OH involved
—> Double or Single H bond?!

Tillman, A.L.; Dixon, D. Org. Biomol. Chem. 2007, 5, 606-609



Single H-bond Tk

Monofunctional diol : BINOL derivative o

>  Model proposed (by me!) with nucelophilic attack on Re face

@ on

H

> Conversion into a number of diverse structural motifs without racemization

(X=H)
QH HN{BDC L-selectride Q HN#BOC 1EP:CH)2HO|:t L b O HN'B‘G‘C
/@J\/Lph = THF, -78 °C /@J\)‘Ph 2. TsClI, pyridine:h @NMF’h
(X=Me) benzene, rt H
Me 8713, syn:;anti X 82% yield
90% yield (X=OMe)

mCPBA, DCE, 60 °C

MeO
e \©\ o HN.BOC
OJ\/LF'h

80% vyield

Tillman, A.L.; Dixon, D. Org. Biomol. Chem. 2007, 5, 606-6009.



Single H-bond
Monofunctional diol : BINOL derivative

Schaus 2003:Morita-Baylis-Hillman

0 cat (2mol%) OH O

O Et;P -

J, - ®

R H THF, 0 °C, 36 h
?H O (?)H O OH O
Ph S O/(S)\ﬁj O B ‘
88% yield 71% yield 40% vyield
90%ee 96%ee 67%ee

> Optimisation of catalyst show that structural features are needed :

= Saturation of BINOL
= Substitution at the 3,3’ positions with bulky groups

= Restricted rotation about the biaryl bound of the 3-substituent

UNIVERSITAT

= The 2 OH groups are needed and involved in intramolecular and intermolecular bond

N. T. McDougal, S. E. Schaus, J. Am. Chem. Soc. 2003, 125, 12094 — 12095
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Single H-bond Tk

Monofunctional diol : BINOL derivative —

>  The phosphonium enolate of cyclohexenone is stabilized via a H-bond with the
binaphthol derived Brgnsted acid, creating a chiral nucleophile

N. T. McDougal, S. E. Schaus, J. Am. Chem. Soc. 2003, 125, 12094 — 12095



Single H-bond

Bifunctional diol : BINOL derivative
Sasai, 2005:Morita-Baylis-Hillman a
O NTs catalyst (10mol%) O ';‘TS |
H R? toluene/CPME (1:9) R1u\ﬂARZ
15 °C 5
NTs NTs 0 NTs
R e
/U\[(\@ Me (S) \ /
Cl
1.5d 254d 2d
95% yield <9
oavce 9% yield sB%ee

> New concept : chiral Brgnsted acid unit connected with LB via a spacer

g OHw_~

spacer Lewis base unit
/"“\ r'e
LB

OH* ) _
Brgnsted acid units

Matsui, K. Takizawa, S. Sasai, H. J. Am. Chem. Soc. 2005, 127, 3680-3681
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Single H-bond Tk

Bifunctional diol : BINOL derivative o

> Importance of the phenolic hydroxy group at position 2 and 2’
= R, =Me, R,=H slightly decrease activity (yield 93% to 85%, ee 87% to 79%)
= R, =H, R,=H considerably decrease activity (yield 93% to 5%, ee 87% to 24%)

—> only one H-bond implied

2 OR1
> Importance of Nitrogen at Y : without, no reaction occur 2 OR,
>  Importance of the chain size and Nitrogen at X to position LB
> Two pairs of acid base : Y

= One to fixes the conformation | @
= One to activate the substrate ,"4 N
:

Matsui, K. Takizawa, S. Sasai, H. J. Am. Chem. Soc. 2005, 127, 3680-3681.
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Single H-bond
Bifunctional diol

: BINOL derivative

> Insight into mechanism

9 NTs
R1H * H/U\

a,f-Unsaturated
Carbonyl Compound

R2

Bifuctional Organocatalyst
Michael

Reaction

Imine

catalyst (10mol%) o} NHTs
toluene/CPME (1:9) R R?
-15°C
Allyl Amine

retro-Michael
Reaction
(/Elimination)

g $ o Rsr‘(?‘ ‘H\O
° OH TR R2 HO &
JJTS Hb@ = LB@ E% O&
AR R ) Aldol _
Reaction LB: Lewis base

Matsui, K. Takizawa, S. Sasai, H. J. Am.

Chem. Soc. 2005, 127, 3680-3681.

b

u

b
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attack from the bottom to the Si-face
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Single H-bond uw
Bifunctional diol : BINOL derivative o

Sasai, 2011: Baylis Hillman

O NTs catalyst (10mol%)
+ >
R1 JJ\ 2 )
| H™ R CHCl3, -10 °C
@) NTs 9] NTs (@) NTs
H (S) Me S Me (S O
NO, cl
05 d' 4d 9d
97% yield 86% yield 94% yield
96%ee 94%ee 85%ee

> Spiro catalyst: geometry distinct and more rigid than BINOL

S. Takizawa, K. Kiriyama, K. leki, H. Sasai. Chem. Commun., 2011, 47, 9227-9229 64
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Conclusion
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Conclusion %

b
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>  Bad points

= Time of reaction (from 15 min to 9 days)
= Limited scope of subsrate

= High loading of catalysts

= Mechanisms not always clear

> (Good points

= Inexpensive catalyst

= Reusable after column with still same ee

= Catalyst tunable

= Really high yield and ee can be obtained

= Wide scope of reactions

= Development of bifunctionnal catalyst gave improvments
= Improvements are on going

66
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Thank you!
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Synthesis thiourea catalyst Kelly u

CRRO : OHHO ;
< § g > ii
——
I 1

10, R= H' _J i 12, R= -CH,CH=CH;

b
UNIVERSITAT

iii

11, R= -CH,CH=CH, 13, R=-CH,CH,CH; ==
iv
& |
OR RO
vi
e ————————
NO, NO, ON I 1 NO,
16, R= -CH,Ph . 14, R=H
vii v

8 R=H -= 15, R= -CH,Ph ==

SCHEME:"" Reagents: (i) CH,=CH,CH;Br, K,CO;, acetone, A, 2 h; (ii) Double Claisen rearrangement:
N, N-dimethylaniline, 200°C, 23 h; (i) H, (~ 1 atm.), PtO,, EtOH, 5 min; (iv) NO;BF,, AcOH, 2.5 h;
(v) PhCH;,Br, K,CO3, DME-DMF (1:0.3); (vi) Cu-bronze, DMF, A, 4 h; (vii) BBrs, CgHg, 3.5 h.

T. R. Kelly, P. Meghani and V. S. Ekkundi, Tetrahedron Lett., 1990, 31, 3381-3384 68



Etter urea
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Synthesis thiourea catalyst Curran Tk

b
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CFs CFj

' NO,*BF 4
—_—
HO,C sulfolane HOLC NO

2

CF4 CF;

1) CaH170H/H /@\ /@ i /@L
___,_ CaH1700G NN COOCgH:7

2) Pd!C EtOH CgHy70,C
CeHio

> D. P. Curran, L. H. Kuo, J. Org. Chem. 1994, 59, 3259. 20



Synthesis Thiourea Jacobsen Tk

b
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1 \I/ HBTU, DIPEA R’ \l/ R! \I/

R, HO CH,Cl, TFA, CH.Cl,

' : I E
2 N > Rz’N\n/\NHBoc - R2’N\H/\NH2
O O

NHBoc

@)

0 N02 o"“
X O/ HO
- CI” 0 ~L
pyridine/CH,Cl, R O tBu OCO1Bu
R2’NT(\NJ\N“\ > 1-5
H NH, MeOH

2.\ DIPEA O
HoN  NH,

71



Synthesis Thiourea Jacobsen b

0
1 NHBoc 1. HBTU, DIPEA, CH,Cly, 23 °C, 2 h R 7
NHR' + HO > =

2. TFA, CHsCls, 23°C, 1 h

N\H/\NHE
R'=H, Me

@]
CHO
HO
1. CICSCI, CHoClo/sat NaHCO4 (1:1) \|/ R
0 °C, 20 min 7 R' ™% j\ R? = OCO'Bu, 'Bu
- 3 -
2. (R,R)-1,2-diaminocyclohexane, = N NT N o
CHEC|2, 23 DC, 20 min \I‘(\H H MeOH, 23 °C, 2 h
O NH,
6a (R = H)
6b (R = Me)

1b (R' =H, R =0Cc0Bu) HO
1c (R' = Me, R? = Bu)
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Meca ABH Jacobsen u’

b
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~Ns
N~
| catalyst
'l 6e1c
rccoch3 / ocH
| 3
¥/ ﬂ 9anli
N\7 r fast (PP)
not cbserved T

Ns. /Y
N' N~ H

catalyst- A)\x_.\\'[:] + catalyst WCO,CH;
r
=N_N 4?+

YA N(1 N\7 9,,, COLCH; -

‘N
(high ee) NJ (low ee)

l slow
[ Ns. B ]
QH i ') 11
Ns . rate-
NHo0 Ar OCH, determining l
/\H\ OCH, (‘ 1
7

‘N 1
" ) 7

(low ee)

+ catalyst n -catalyst _

(high ee) not observed
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Thiourea pictet-spingler

o]
PhJ‘\/‘\“/EHE- y
HE”‘;O (1.0 aquIE‘J HaC ZH’O
HoN AcOH (1.0 equiv.) @\

CH3OH, 50 *C Ph
B4% yield

HaN,,
1) HBupNH (1.1 equiv.) 4) HaC D
HBTU (1.1 aquiv.) d
iPrNEL (2.2 equiv.) 4
FBU cHgen, 23°C +Bu = pn

~ ~BusM
HO:C™ NHBoc ) Hel, dioxane 23 °C “BL'E”T'"‘HGE CH;Cly, 23 °C YN

H M
1 H;EU

3) CSCly, NaHCO4
CHClz f H30, 0 °C

b

u

b
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Catalyst Takemoto

CF3 ~,

N
F2C SCN

THF

r.t,.3 h,

CF3

b
UNIVERSITAT

75



Synthesis bifunctional thiourea nagasawa Tk

b
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Thiourea Riccl

CF3

CH,Cl,, rt, overnight

NH2 F3C NCS




Jacobsen aziridine

@

HPPh,,

MH —=

TFOH

.

NH.

PPh

D=Tartaric acid

b

u

b
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NHz
— s
PF"h

(R.R)- N,

1) NaOH ’
— = Mother liquor ) Na = O‘ L-TA
2) L-Tartaric acid PPh;

(S,5)

78



Cinchona derivativ Hiemstra

Conditions: a) PhNTfz, DMAP, DCM: b) Pd{OAc)z, BINAP, Cs2C0a, THF, PhzC=NH; ¢) citric acid, THF, Ha0:; d) 3,5-(CFa)zPhNCS, THE.

b

u

b
UNIVERSITAT
BERN
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Cinchona derivativ Deng

CH2CI2 rt, overnight
| i, iii M

(i) PPhy, DIAD, DPPA, THF, 0-45 °C; (i) PPhy, 45 °C; (iii) H,0, 45 °C; then HC__

then NH 4-DH;

@

Ar= 3,5-bisCF5Ph
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Rawal squaramides Tk

FsC N’
3 O O
NH, N CH.Cl, FiC . ’#;(DM
—_— _ a
(85%) H
CF, MeO OMe
1 2 CF, 3
a | H
MH= D“Q‘- -'."-’"'D
i N — N
| FaC
Ns H 4 3 \©/\N HN
H H
MeOH S
(72%) CF; | _
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Synthesis Taddol derivativ

b
lllllllllll

A. K. Beck, P. Gysi, L. La Vecchia, D. Seebach, Org. Synth. 1999, 76, 12, 22.
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Synthesis of BAMOL

‘ OH

4

OH

1. Tf,0, pyridine
CH,Cl,, 0-20 °C

2. Pd(OAc),, dppp, 'ProNEt
CO (1.5 atm), MeOH,
DMSO, 80 °C, 48-72 h

Hy
Ar Ar
OH

OH

GDEME ArLi, THF Fi;.

R ‘ COMe .78 5 -10°c Rz

Saw

R; Ar

75-83% 60-80%
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Reduction dimethylamide Tk

b
UNIVERSITAT

0 =
)]\ - j\O—ZGCQCI
R™ N a i
e path a R I*I\I®
RII
| | y
|
path b H,0
\
. 0-Z1Cp,Cl | 0
S LI I
R7TON; R R H
H ’H" 'szerIO
-HoNR'R"
) ) IV

Goerg et al J Am Chem Soc. 2007; 129, 3408-3419.



Synthesis of BINOL derivativ Schaus Tk

b
UNIVERSITAT
BERN

(1 es (I
OH _ el OCH, B
—_—
OH AcOH DMF OCH:  chal,
30 °C
97% 95% 94%
1

Br Ar Ar
oo™ o
OCH coupling BBr,
2 —_—l

OCH, __ —° OH
Br Ar Ar
9 10a-d 8a-d

Schaus and co-workers, Adv. Synth. Catal. 2004, 346, 1231.
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Synthesis of BINOL derivativ Wang u’

b
UUUUUUUUU

Oe NHz  AcyO Oe NHAe GG NHAC
/

sl il o e n
1

2

rmaldehyde

4M HCI

CF3

CF
L =, OO
N CFy NH;

N N
/ CF Nf
YN 3 N

! 3
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Synthesis of BINOL derivativ Sasal uw

_}

W

I
o

24

<"‘><

%anm
(S)-I

S
a0 {}MDM LA
EI g

93"53
froem 23

OMOM
QMO

u@

# (a) NaH, MOMCI, DMF, 0 °C, 5 h; (b) 1) BuLi, TMEDA, THF,
—T78 to 0 °C; () DMF, =78 to 0 *C; (c) NaBH4, THF, MeOH, 0 °C,
15 mun; (d) (1) MsCl, toluene, A-;.l'_'l'['r_ 0 °C, Y mun; (n) LiBr, DMF,

FEEIRIRR| tl.'TI'II'.lLFI:ItLLTL 10 man:

R — R =
O orrkQ 20 8aY
N N
Z 7 Somom TMSBr NFNF Nl
THF, 60°C =~ A\ -OMOM CHyCly, -10°C o~ N\ -OH
(S)-lla (R=Me) (S)-2a (R=Me)
(S)-llb (R=F-Pr) (S)-6a (R=i-Pr)
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0 i
Oz Cibda
10 11
r )
d b
ke e

r 15 rac-16
Reaction Conditions: (a) 0.5 eq Me,CO, NaOH, 50% EtOH-H,0, 1, 2h, 62%:” (b) Raney

Ni, Me,CO, rt, 1 atm. H,, 1 day; (c) 2.5 eq Br,, 3.5 eq pyridine, CH,Cl,; -10 °C 1o n, 4h; (d)
polyphosphoric acid, 1035 °C, 5.5h, 57% for 3 steps; ™ (e) n-BuLi (4 eq), THF, -78 °C, 1h; E1OH,

93%; (f) 2.3 eq BBry, CH,Cl, -78 °C to it ovemnight, 85%.
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P(O)Pha NaOH aq (4.5 eq)

OTf 1,4-dioxane/MeOH
quant

80-90%

HSICl5 (15 eq)
P(O)Phy iProNEt (40 eq)

. OH toluene
3

(S)-1

89



