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The Synthetic Problem

Heteroatoms impose an alternating acceptor (a) and donor (d) reactivity pattern

X

d? d

Since most organic reactions are polar in nature (ie a nucleophile attacks and electrophile), there is a
synthetic limitation: only an odd number of carbons may be placed between functional groups

k/\ ' _— )'\/k/\ 1,3 disubstitution
al al as al al a3
d? d2 d4 42 d2 g4

Coupling of components with the same polarity are required to synthesize a molecule with even
number of carbons in between functional groups
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Seebach ACIEE 1979, 18, 239



Umpolung

Umpolung —
a reversal in polarity or
any process in which donor and acceptor reactivities are interchanged

X X
/\) K/\ .
1 1
o3 dt \_/ al a3 —_—
a* a? d? d*

1,2 disubstitution

Outline
Benzoin Reaction
Cyanide Catalyzed
N-Heterocyclic Carbene Catalyzed
Asymmetric Benzoin Reactions

Stetter Reaction

Thiazolium Catalyzed
Intramolecular Asymmetric Stetter Reaction
Variations of the Asymmetric Stetter

Other uses of N Heterocyclic Carbenes
Seebach ACIEE 1979, 18, 239



Cyanide Catalyzed Benzoin Reaction

O

JI\(R j’
R
R
OH _
Regeneration of catalyst y :CN Nucleophilic attack of cyanide
0 0"
R
Y e
OH H S\

Proton transfer _
Deprotonation

Addition of aldehyde RJ

* Must use aromatic aldehydes; aliphatic aldehydes tend to undergo an aldol condensation
« Cannot selectively cross couple of two different aldehydes

« Stoichiometric umpolung reagents required to selectively cross couple (ie dithianes, protected cyanohydrins)
and require an extra deprotection step

Seebach ACIEE 1979, 18, 239 4



Cross Benzoin Reaction

When both components are aldehydes

H OMe
@) H O O
CN
H H
OH OH
MeO MeO H

Thermodynamic Not Formed
Product

With acyl silanes, BOTH products are possible

0O H 30 mol % KCN
10 mol% 18 crown 6
Et,0O, 25°C
MeO 0 MeO
O OMe 30 mol % KCN
10 mol% 18 crown 6
Et,0, 25°C
H O

Johnson JACS 2005, 127, 1833



Cyanide Catalyzed Cross Silyl-Benzoin Reaction

JJ\ JJ\ M-CN R2 R1
: 2 > Rl Rl
R” TSiR, R® 'H
OSiR3 OH
l Only product Not observed
o 1,2 Brook O‘i"RS ‘
/I\ > (X )

RsSI™ 4 C\\\N Rearrangement R™* Cs

Acyl Anion Equivalent

An alternate method of acyl anion formation!

@) 30 mol % KCN
H 10 mol% 18 crown 6
O Et,0, 25°C
MezN

MezN

95% yield

Johnson JACS 2005, 127, 1833



Limitation: Aliphatic Aldehydes

@) Me 30 mol % KCN @) Me
H 10 mol% 18 crown 6 )
SiEts Me > Me 66% yield
e} Et,0, 25°C OSiEtg

Lower yields often result from aliphatic aldehydes; <20% yields from alkyl-alkyl” benzoin reactions

o) 10 mol % La(CN)3 e)

H THF, 23°C 15 mins .
Ph” TSiEts > Ph 85% yield
0O then 1M HCI/MeOH OH
i 10 mol % La(CN)3 o)
THF, 23°C 15 mins i
Me SiMe, H\"/\/Ph - Me)j\l/\/Ph 48% vyield
'e) then 1M HCI/MeOH

OH

Faster reaction times, lower catalysts loadings and provides alkyl-alkyl” benzoin adducts

Johnson JACS 2005, 127, 1833



Reversibility of Formation of Cyanohydrin

K

OH KH, 18-Crown-6 o) 0
> >
KCN and 18-crown-6
Ph)\CN \‘ Ph)\CN Ph)LH )
Ho o
Generated in situ!!
O
KH, 20 mol% 18-crown-6
SiEt NC > .
Et,0, <5min 81% yield
MeO OH
Addition to aldehyde is reversible!
HO><CN
Me Me
> OMe (10 mol%) OMe
_ KOH (10 mol%)
SiEts H > 77% yield
0 BuyNBr (10 mol%)

Et,O (wet), 25°C <5min

Cheap and stable cyanohydrins may be used as latent cyanide ions

Johnson JACS 2005, 127, 1833



Cross Silyl Benzoin Catalytic Cycle

0O
JI\(R j\
R
R” TSiR;
OH _
Regeneration of catalyst y *CN Nucleophilic attack of cyanide
OM oM
R
OH c s
1!
N
Proton transfer 1,2 Brook Rearrangment
oH OSiR;
R/’\(R /|\
NC R M
OM c
\\{ N
Addition of aldehyde _ -
j> :CN j)\
R h R Cs
SN

Reversible addition of cyanide to aldehyde

Johnson JACS 2005, 127, 1833



N-Heterocyclic Carbenes Catalyzed Umpolung

1943

1958

1973

1966

1996

Thiamine (vitamin B,)

NH,
N
Me’</§’\|§|" Me
= 3~
/'ks OH

Reactive Site

Ukai — thiazolium catalyzed benzoin reaction

Breslow — mechanistic model for thiazolium catalyzed benzoin reactions

Stetter — thiazolium catalyzed additions of aldehydes to o, unsaturated carbonyls
Sheehan — asymmetric benzoin

Enders — asymmetric Stetter

Enders Acc. Chem. Res. 2004, 37, 534 10



Thiamine Catalyzed Benzoin Reaction

Alternative Mechanistic Model

' R
1
~N& LS X R N S R
R '
T T~

O ' R S N R '
] I ]

Ph)jﬁ/F>h Base l : R :
O .

OH )J\ : Lemal JACS 1964 , 86, 2518

Regeneration of catalyst + Nucleophilic attack of carbene
RN S
R! R? -
>=< R1 R?
RN S >=<
o Y
HO” “Ph O” Ph
Proton transfer \ / Deprotonation
RY R? R! R?
>_< Addition of aldehyde >_<
N_ S

HO}Ph HO Ph Breslow Intermediate

e j’

Ph

(a) Breslow JACS 1958, 80, 3719. (b) Enders Acc. Chem. Res. 2004, 37, 534. 11



Kinetics of Thiamine Catalyzed Benzoin
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Figure 1. Rate of benzoin formation at different concentra-
tions of PhCHO. The solid line (—) is the best fit of the first-
order equation, rate = k[PhCHO]. The dashed line (— —) is
the calculated rate using & = 0.14 M min~% & = 0.035
min~, k| = 0.025 min™!, k.3 = 0.01 M~! min~!, and ki/k_s =
1 M.

Previous studies which concluded 2"
order kinetics are involved may be
incorrect due to (1) catalyst
degradation over time (2) side product
interference (3) reversibility of the
benzoin reaction.

Determined by using initial rates of
reaction at different concentrations of
benzaldehyde

No dimerization of catalyst
observed when benzaldehyde is
present

Reaction is essentially first order
with respect to PhCHO. However...

For detailed kinetic study see Leeper JOC 2001, 66, 5124 and references therein 12



Free Energy Profile of Benzoin Condensations

Kinetic model

3 |
PhCHO . X 100 AG" k) mol”
Rl R2 R R
. —
+ — ~N S
~~ RTHNY i
R,NYS Kt +I 80

HO Ph
Q k-3 k_2
ks 1 R2 k _
OH R\/ _\/ 2 40
PhCHO
X

HO™ ~Ph =
0 =
catalyst + 3
4 2phCHO 9 ° ST
catalyst +
» At high concentrations of aldehyde, C-C benzoin
bond formation fast and deprotonation is the L :
- Thiazolium -- Cyanide

rate determining step (first order)
_ _ *Free energies are relative to starting materials.
i At IOW Concentl‘atlons, C'C bond fOI’matIOH Relative free energy of 14 unknown.

is slow and deprotonation is fast (second

order)
*No step is fully rate determining, all three steps are

partially rate determining

For detailed kinetic study see Leeper JOC 2001, 66, 5124 and references therin 13



Asymmetric Benzoin Reactions

o 0]
J\ Catalyst RlJl\*(Rl
R "H
OH
Catalyst Result Catalyst Result Catalyst Result
Br Br |
|'+ I
9 % Yield 6 % Yield an N 21 % Yield
22 % ee 52 % ee @ II\/> 27 % ee
S S

@)
o) )——\-I- Me
ph N
i
S

Sheehan (1966)

Sheehan (1974)

Lopez Calahorra (1993)

+ Ph
N—N
I\

clo,

1z

wPh

0. 0O

K

Me Me
Ender (1996)

22-72 % Yield
20-86 % ee

Leeper (1998)

11-45 % Yield
76-83 % ee

Cl + Ph

/

N—N

A D

O N

t-Bu
Enders (2002)

8-100 % Yield
80-95 % ee

For areview see Enders Acc. Chem Res. 2004, 37, 534

14



Transition States of Asymmetric Benzoin

0
Catalyst 10 mol%
H >
R KOt-Bu, THF R

e Though undefined, E/Z geometry of Breslow’s
intermediate is important in facial selectivity of the
incoming aldehyde

» Note: Facial attack designation is with respect to
the incoming aldehyde

OH
8-100 % yield
80-95 % ee

E Olefin — Favored Re facial attack

Hydrogen Bonding

Top face blocked MeMe\'
by t-Butyl }
n-stacking

« Z Olefin — Disfavored Si facial attack
A-1,3 Strain forces aryl groups to rotate out of the

lan _ _ :
plane Steric repulsion with

incoming aldehyde

7 %4

N—N

I
OAN =

O\ W
Top face blocked Me H )
by t-Butyl Me

Me
Hydrogen
Bonding

Z Olefin — Favored Re facial attack
A-1,3 Strain forces aryl groups to rotate out of the

plane
N—N
A
Q” N
O\ \
Top face blocked Me H)
by t-Butyl Me Me
Hydrogen
Bonding

(a) Enders Acc. Chem Res. 2004, 37, 534 (b) Houk Proc. Natl. Acad. Sci. 2004, 101, 5770 15



Intramolecular Crossed Aldehyde-Ketone Benzoin

Intramolecular O—N
Crossed Aldehyde-Ketone | OR
> I
7
Benzoin Reaction Rl ofi
r2 O
Et\l_{_l Me Br
Q_ﬁ\/\OH
S
O—N (20 mol %) O—N OMOM
I OMOM DBU (10 mol %) |
> o i
‘ N\ t-BUOH, 40°C, 0.5h “O 94 % yield
Oll
OH
0 O

Cyanide gave low yields.
Intermolecular aldehyde-aldehyde benzoin side products were not observed

o) o) Q OH o)
OH Me OH
OH Me Me
Me
73 % yield® 89 % vyield® 0 % vyield® 42 % yield®

(a) Suzuki JACS 2003, 125, 8432. (b) Suzuki Adv. Synth. Cat. 2004, 45, 3492. (c) Suzuki ACIEE 2006, 45, 3492



Enantioselective Crossed Aldehyde-Ketone

N—O A (10 mol %) MOMO N—O
MOMO || DBU (10 mol %) |
> 87 % yield
THF, 40°C, 0.5h 99 Yee
ke
OH
C o

Generally, good yields and selectivities for aliphatic, aromatic intramolecular crossed benzoin!

/~0 N—/0O o
o | A= + ) _
= N—-N CI
406 e
(73 N
Me
OH
o) o ©H o)
73% vyield 44% yield 47% vyield
99%ee 96%ee 90%ee
Biaryl systems give Rovis JACS 2002, 124, 10298

opposite
enantioselectivities

0
O\/U\/@ A (15 mol %) O
EtzN (10 mol%) O O
'

THF, RT, 26 h OH
I o)

56% yield
88% ee

Eucomol structural core

(a) Suzuki JACS 2003, 125, 8432. (b) Suzuki Adv. Synth. Cat. 2004, 45, 3492. (c) Suzuki ACIEE 2006, 45, 3492 17



The Stetter Reaction - Generation of 1,4-dicarbonyls

/ Deprotonation

R1 R2

R’N S

X Ph I
R Addition of enone HO

O O
RZJ\/\Rs

Limited to aromatic aldehydes and Benzoin products are also observed
Stetter ACIEE 1976, 15, 639 18

Ph Breslow Intermediate



Thiazolium Catalyzed Sila-Stetter

0 1. 30 mol% A

0O o Ph O
DBU, 4 equiv i-PrOH, THF 0O
> 50-84% yield
Ph)]\SiMeg, Rl/\)]\R2 I/U\ y

2. H,0 Ry R?
A = Et\ Me
38
H/ks CH,CH,OH

With SiMe,Ph group, enolizable alkyl acyl silanes also work!

R®= Ph, 1-Napth, 4-BrPh,
2-CIPh, 4-OMePh, 4-OHPh

R2 = 4-CIPh, 4-OMePh

o) 0 1. 30 mol% A M 0
P /\)]\ DBU, 4 equiv i-PrOH, THF € o 0% vield
Me” SiMePh  pr X Sph - oyle
2. H,0 Ph Ph
Ph (@) Ph @)
5 o o Pha O
O
EtO,C OEt MeO,C OMe H Me
Ph Ph
65% 72%
63% from E olefin from Z olefin 5%

Must use 4-chlorobenzoyltrimethylsilane for nonbisaryl o,funsaturated ketones
@) @)

Ph/\)l\lvle Ph/\)l\t-Bu

Scheidt JACS 2004, 126, 2314 19



Thiazolium Catalyzed Sila-Stetter

R1 R

R/NYS
H

R
1 Base
R M R SR,
R O
1 2 o
Only Product R R Nucleophilic attack of carbene
+ : : 1
R/NYS = R
Regeneration :-Nl/\g_Rz
of catalyst MO%\S
Rl R3S|
AN
+N|/\g;R2 1,2 Brook Rearrangement
R2 HO IS
1
Rl R
O R3 AN
N7\ R2
Addition of enone ROSIR3 j)\
Rl
RY %
0 R\N/g_ ROH .
N2 R
RZJI\/\R3 R R
1 8\ A\ RZ —»
R -HO S
O
Breslow 0 RsSi7 ) RY
Intermediate Jj\ R
1 .

Scheidt JACS 2004, 126, 2314

R
R

HO SiHg

No benzoin product
observed

20



Initial Attempts at Asymmetric Stetter Reactions

Intermolecular Stetter (1990)
Me
Me 4+ )‘Ph

g
Me » - Ph O

0 0
s” ¢l .
4 %yield
Me/\)LH Ph/\)l\Ph > Me\/\[])\/U\Ph 39 % ee

K,CO3, CHCl3/H,0
o)

Various triazolium salts also resulted in low yields.

Intramolecular Stetter (1996)

[=I\I\ + ClOs™
(@) WwN £ N\Ph
0 Me7k/> e 0
H Me' O "Ph 20 mol % \\‘\\COZRZ 44-73% yleld
- R 41-74% ee
, K,COs, THF 0

 Phenyl group shields one face of the olefin

» Attack of less hindered face leads to an R
configuration

(a) For areview see Enders Acc. Chem Res. 2004, 37, 534 (b) Enders Helv Chim. Acta. 1996, 79, 1899



Recent Advancements in Asymmetric Stetter

o 0
Cat. A (20 mol %) “~ 63-95 % yield
KHMDS (20 mol % 2 07 9% o
N ’ ( ) ~ . CO2R" 55297 % ee
x/\/\COZRZ xylenes, rt, 24h X
X=0,S, NMe 0

@éw\c%a

Cat A: 94% yield and 35% ee
Cat B: 92% yield and 90% ee

» Electron rich carbene (OMe substituted Cat. A)
facilitates addition to electron deficient Michael
acceptor.

 Under these conditions, newly generated
stereocenters do not racemize.

An exception

0 Cat B (20 mol %) 0
) CO,Me KHMDS (20 mol %) o . CO,Me 80% eeat10% conversion
J/ xylenes, rt, 24h S Rapid erosion overtime

O
90 % yield
<5 % ee

Rovis JACS 2002, 124, 10298 22



Limitations with the Michael Acceptor

6 membered carbocycles do NOT react unless highly activated

o Cat B (20 mol %) 0O

' KHMDS (20 mol %
CO:Me ( ) . COMe g1 gyield
| xylenes, rt, 24h 95 % ee
? CO,Et Cat B (20 mol %) Q
KHMDS (20 mol %
7 ( R // > CO,Et
xylenes, rt, 24h

O CO,Et Cat B (20 mol %) O COsEt

| KHMDS (20 mol %) :
97 % vyield
7 "COqEt > COEt “3.'0) e
xylenes, rt, 24h

Starting material recovered for Z-alkenes

CO,Et Cat A (20 mol %)
_ KHMDS (20 mol %)
COzEt 58 % yield

95 % ee

y

0]
xylenes, rt, 24h ©5‘j/\
(9) O
(0]
KHMDS (20 mol %) /
>
(@)

Z “CO,Et 11
xylenes, rt, 24h

(a) Rovis JACS 2002, 124, 10298. (b) Rovis Synlett 2003, 1934. (c) Rovis JACS 2005, 127, 6284.

CO,Et

0
d

? Cat A (20 mol %)
: :o

23



Quaternary Stereocenters via Asymmetric Stetter

Et Cat. A, B, C (20 mol %) .~
)\/COZMe KHMDS, toluene, rt, 24h

A Ar = p-OMePh

O
WEt Cat. A: 45% yield 99% ee
\ Cat. B: 80% yield 99% ee
) CO,Me Cat. C: 85% yield 99% ee

Better yields result from more electron
deficient carbenes.

Implies subtle changes in the mechansim for
Sdisubstituted Michael acceptors

0 0
Et Cat. C (20 mol %) JEt 96% yield
- CO;Me > 97% ee
0 Et3N, toluene, rt, 24h @) CO,Me
0 0 0 Q
Br Ph
Et oEt oEt \
\ \ \ COMe
(@) COsMe S COsMe COsMe (0
92% vyield 95% vyield 95% vyield 55% vyield
89% ee 92% ee 99% ee 99% ee

Rovis JACS 2004, 126, 8876

24



Quaternary Stereocenters from Aliphatics

R 0
Me Ph Cat. C (20 mol %) . Me E-isomer 85% yield 96% ee
N KHMDS, toluene, rt, 24h ""—C(O)Ph Z-isomer 50% yield 56% ee

Ar A Ar=p-OMePh

B Ar=Ph

O O @] O O
? Me Me ? Me % Me % n-Bu
I I I I I
C(0)4-Py C(O)p-NO,Ph C(O)Me C(O)CH,CH,Ph C(O)Ph
85% vyield 90% vyields 81% vyields 63% vyields 71% vyields
96% ee 84% ee 95% ee 99% ee 98% ee

All carbon tethers with ester Michael acceptors required further activation to react.

M 0
Cat. D (20 mol %) CO,Me
2
¢O2Me - 86% vyields
X _-CO,Me KHMDS, toluene, rt, 12h CO,Me 90% ee

Rovis JACS 2004, 126, 8876




Formation of Contiguous Stereocenters

0] (@] CO,Et
©5‘\D Cat. C or Cat. D (20 mol %)
=
O/\/\COZEt toluene, rt, 24h

A = KHMDS +

Possibility for 2 contiguous stereocenters

]
©\) Me Cat. B, C, D (20 mol %) _
Z
O/\)\COZEt toluene, rt, 24h

O] COMe

80%yield 95%yield 85%yield 94% yield 80%yield
84%ee 20:1 95%ee 10:1 55%ee 10:1 99%ee 50:1 88%ee 15:1

Rovis JACS 2005, 127, 6284.

Cat. B: 88% yield 95% ee 15:1dr
Cat. C: 94% yield 95% ee 30:1dr
Cat. D: 80% vyield -99% ee 150:1 dr

26



Stereochemical Model for Diastereoselectivity

O

CO,Me

|
CO,Me
f\/ ’ E Olefin

R C-C Bond

‘1Bn

~ o OEt Formation
Et
O =
H O S
N=
=7
Ph— ll,Bn Ph/N\ N l,,Bn
V/TEO C-C Bond 08 okt
5 O Formation = o4+
O
R
H H
T CO,Me
O
Z Olefin

Rovis JACS 2005, 127, 6284.

Intramolecular

OEt Proton Transfer

Intramolecular

Proton Transfer

' o

80% vyield, 92%ee
42:1 dr

® N
h—N N"""gn f
~ %'E' R : - Catalyst
0 OEt Displacment
of Carbene
H 0O
gt
Ph™Y 0 BN Dpisplacment
OEt of Carbene
= (@) ——=—> -Catalyst
O HH \
4R

70% yield, 38%ee
1:6dr

27



Desymmetrization via an Intramolecular Stetter

OH 0 0
Cat. A, B or C (20 mol%),
1, Phi(OAc),, ethylene glycol KHMDS (20( mol%) ) Cat. A: 90% yield 88% ee
: = H Cat. B: 75% yield 80% ee
2. Dess Martin Periodinane o Toluene, 23°C <5 min o Cat.C: 92% yield 31% ee
Me Me O/\? Me 3
Ar AA=p-OMePh Q
* Cat. A, (10 mol%),
KHMDS (10 mol%) H
»>
O  Toluene (0.008M), O
R" o 23°C <5 min R
R = Me, Et, i-Pr, t-Bu, Ph, 78-94%
4-BrPh, CH,0Ac, CH,CH,OMe, 82-94% ee
CH,CH,CO,Me >95:5 dr

Up to three contiguous stereocenters and quaternary stereocenters can be formed!

0O @) 0 0O
Me Me t-Bu t-Bu
H H Me H
" o) . o) 'V'eM o) o)
€ -Bu €
o) o) o) MeO
86%yield Reaction time: 2 h 64%yield 60%yield
>99% ee 62%yield >99% ee >90% ee
single diastereomer >99% ee >95:5 dr >95:5 dr

single diastereomer

Carbocycles may also be formed using the free carbene of Catalyst A
Rovis JACS 2006, 128, 2552 28



Cross Couplings with Aldehydes and Acyl Imines

N/
i ToINgo, o Cat. A (10 mol%), 2 equiv EtsN |
2 at. mol%), 2 equiv Etg ™ @)
Sowo IO - O o
| Ph™ 'N” “Cy CH,Cl,, 35°C, 30 min J\ ’
N_ = H 22 ' Ph N Cy
H
Tol< Cat. A or B (10 mol%), RL _oO
j)\ JS\Ozj)\ 15 equiv EtzN \//( j)\
2 3
RY ~H R® "N” 'R CH,Cl,, 35°C, 30 min R#”ONT R
Aromatic, aliphatic and unsaturated substrates viable
Me
Ph Ot Bu Ot Bu J\O
62% 75% 80% < 10%
T ] g
N 0 o)
S @ g
Ph” N7 TH Ph” "N~ ~OBn 4 F-Ph NJ\4-OMe-Ph
H H H
86% 96% 88% 90% 97%

Murry, Frantz et al. JACS 2001, 123, 9696 29



Mechanism of Aldehyde-Imine Cross Coupling

/ Deprotonation

R Rl

\ Rl
o U3 =

s Breslow Intermediate

R2
R s” R? 2N
Ph I
RN
\r Addition of enone HO™ 'Ph
0]

0 0
R3/§NJ\R2 B - R3J\NJ\R2
H

Murry, Frantz et al. JACS 2001, 123, 9696 30



Enantioselective Aldehyde-Imine Cross Couplings

Tol
S0, 0

0 Ph™ 'N” "Ph Cat. A (10 mol %) 0

H PEMP (2 equiv)
H -
CH,Cl,, 23°C
Cl

* Reaction conditions lead to enolization and degredation of
product.

* Use of pentamethylpiperidine (PEMP) slowed rate of
racemization.

0
NH__Ph
O Q H \n/
NH__Ph N -Ph o)
Ph Y hig cl
Ph O cl Ph O

OMe

2h 15% yield 1h 57% yield 81%ee 2h 91% yield 85%ee
83%ee 2h 100% yield 76%ee

Miller JACS 2005, 127, 1654

H
Ph O
Cl

86% ee

O Hl],ph O H\g/i-pr
7

OMe OMe
15 min 77% yield 82%ee 15 min 63% yield79%ee
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Formation of y-Butyrolactones from Homoenolates

/—\ cl
O

(8 moI %) on
H j\ DBU (7 mol %) o 41-87% yield
| H R 3to 7:1dr

10:1 THF/t-BuOH z (o
Ar 55°C. 3-15 h ©1 cis:trans

/\)\‘/Mes Ar/\)\(Mes
v T J

Mesityl groups influences the formation of the homoenolate by

. slowing reactions at the acyl position
. directing reactivity to the B-positon, and
. forestalls protonation of the homoenolate

0

0

1-Naph //
TIPS TIPS 74
CO-Me TIPS
84% yield 9%y|eld 41% vyield 83%yield

7:1dr 4:1 dr 3:1dr 5:1dr

(a) Bode JACS 2004, 126, 14370 (b) Glorius ACIEE 2004, 43, 6205



v—Lactams via Nucleophilic Catalysis

[—\ ClI'
o Mes’N\c?w‘Mes 0
. .
O\\S/’O DB(S ?;Orlngol)%) 41-87% yield
H N N—SO,Ar
)'\ 10:1 THF/t-BUOH Ar 3(;?2 -t7r'alnir
Ar MeO H” "R 25°C, 3-15 h R1 '

Mes

* N-alkyl and N-aryl imines were unreactive

 More reactive imines, such as N-tosyl, reacted
irreversibly with the carbene catalyst.

« Carbene catalyst reacts preferentially but
reversibly with N-4-methoxybenzensulfonyl
imines

* Electron poor aldehydes were better
nucleophiles

* Electron rich imines were better electrophiles

Bode Org. Lett. 2005, 7, 3131

OH OH
1 - 1
AI’/WN AI’/\/\WN
7 - 17
/s /s
Mes Mes

Mes

Transformations of y-Lactams

0
N_SOZAr
K2C03, Ph Tol Na
MeOH reflux, NH; (I)

86% 82%

ArOZS\NH o
~ OMe NH
Ph O Tol

33



Mechanism of N-Sulfonylimine-EnaI Annulation

Me
P\
N
\
Mes
Base
N_SOZAI'
A 0]
r
Mes /\)L
R N A" H
\
|\{ ucleophlllc attack
Mes
Mes Mes
ArOZS\ - N Regeneration N
of catalyst Ar |
Z N
Mes O H Mes
t Tautomerization l Deprotonation

AroO-S _ Mes_ +
275N \NI/\> Mes.,

r\} A AO;S\ '\{ A\
R\(LN — — J\ _(\H\N
l\\/les Reversible addition H R Ar OH Mes
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(a) Bode JACS 2004, 126, 14370. (b) Bode Org. Lett. 2005, 7, 3131, (c) Glorius ACIEE 2004, 43, 6205



Other uses of N-

Internal Redox Reactions - Rovis JACS 2004 126,

Heterocyclic Carbenes

9518

A =
o Cat A (20 mol %) 0
1 equiv BnOH
Ph/\HLH . > Ph/\)l\osn
1 equiv Et3N
Br PhMe, 25°C, 4h 80% vield
0
5 0o OH Cat B (20 mol %)
r
> 0
H  Ph > 1 equiv EtzN )\/Ph
OH PhMe, 25°C, 4h Ph™ ™
75Y yield OH
Desymmetrization of alcohols 83% ee

Conversion of o, Unsaturated Aldehydes in to Satur

@]
Cat. C (5 mol%), DBU
>
R/\)LH ]
PhOH, H-Nuc, PhMe
R, R, R? = Alkyl, Aryl
@] Cat. D (5 mol%), DBU
>
Ph X

H PhOH, PhMe

Ph

Chiral resolution of secondary alcohols

ated Esters - Scheidt Org. Lett. 2005, 7, 905

H O

56-90% yield
R)\/U\Nuc

e

M Me O H
“SoH P YO Ph
S factor = 4.5
at 40 % Conversion




Other uses of N-Heterocyclic Carbenes

Activated Carboylxates from Enals - Bode Org. Lett. 2005, 7, 3873
@)
@]
w/ 15 mol% tBuOK S
> R
0 Cat E or F (10 mol%) R

/\)j\ — 3 equiv EtOH
R H 1M THF, 40°C

H O

>
w/ 10 mol% i-ProNEt )\/”\
R OEt

Synthesis of b-Hydroxyester from Epoxyaldehydes - Bode JACS 2004 126, 8126

0 Cat G (10 mol%) 10
o i-ProNEt (8 mol%) OEt
H >
Me 3 equiv EtOH Me
1M THF, 40°C

Enantioselective Aza-Diene Diels Alder - Bode JACS 2006, 128 , 8416

ArO,S
N Q Cat H (10 mol%)
”\/\ ~_R! 10 mol% i-PrNEt A0S~
R2 H o
e) 10:1 PhMe:THF, rt
ArOZS—Nc__\\—RZ >50:1 dr

97-99%ee
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