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Thiamine-Dependent Enzymes
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Thiamine diphosphate (TPP) is required by a number of
enzymes that catalyze the cleavage and formation of
bonds to the carbon atom of a carbonyl group.

Thiamine: R=H
TPP: R = P,0g%~

Mechanism of pyruvate decarboxylase (PDC)

Vitamin B1 (Thiamine)
is found in fortified breads

Jordan, F. Nat. Prod. Rep. 2003, 20, 184-201.

Me
MGTN\ Me -’i%i/\g;g
N .~ %T N\ OR pyruvate |\|/-||eo g S
NH, H)\S Q .“5\ Me / ) :@
@
N
Tl B
Me H s
h e e )//{ carbene Me
N N/\g_/*OR ylide ;"\% Vs
| 0 I
H
NH HJA\ S Me%\s
~—7
Me” ~H (OH
All 3 nitrogens on aminopyridine ring
involved in hydrogen binding to enzyme.
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Thiamine-Dependent Enzymes
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Thiamine-Dependent Enzymes ‘
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Krebs cycle )]\ How can nature’s Umpolung method
cellular - Me SCoA of bond-formation be applied to synthesis?
. . -
respiration Acetyl-CoA

Leeper, F. J. et al. Biochem. Soc. Trans. 2005, 33, 772.
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Persistent Carbene

A "stable" carbene that is a reactive intermediate.

1943: Ugai

Recognized that thiamine can be used as a catalyst for the benzoin condensation.

1957 Breslow

H B 7] D
)\ . D,0, 28 °C )\
Me\N 7 - Me\N/\S Me\N 7
)—( — t1/2 ~ 20 min )—(
Me Me Me Me Me Me
1960: Wanzlick S
1964: Lemal Lemal ruled out dimerization
H CCl through cross-over exp. Ph
3 150 OC ) HCI
Ph< " Ny—Ph — > Ph< " \~Ph — 2 [ >=< ]
-/ —HCCl3 -/
H
© x @Ph H Nh
HCI Ph @)\ Ph A\
e X
: 1 N N
1970: Wanzlick \__/ N N
i PR | Ph
CIO4 /
on_® )\ P BUOK | . "~ |[Phncs  ~N@  pPn
N °< | | —> | (@
N N
Ph/ \ S Ugai, T. et al. J. Pharm. Soc. Jpn. 1943, 63, 296.
- Ph Breslow, R. J. Am. Chem. Soc. 1957, 79, 1762.
. Wanzlick, H. W. Angew. Chem. Int. Ed. Engl. 1962, 1, 75.
increased Lemal, D. M. et al. J. Am. Chem. Soc. 1964, 86, 2518.
stabilization Wanzlick, H. W. et al. Liebigs Ann. Chem. 1970, 731, 176.
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Isolated Carbenes

1991: Arduengo
NaH, THF

H ) )
@)\ cat. DMSO, RT oo
N7 N > 3N/2\N1 isolated crystal structure
cl© — 45

Bond angles: N4-C5-N3 =102.2 ° (imid = 109 °).
In agreement with theoretical studies on singlet ('A') carbenes bearing n-donor substituents.

Change in ni-delocalization supported by upfield shift of imidazole ring protons (7.92 —>6.91).
13C NMR of C,: 8 =211 ppm
No dimerization.

Some other isolated N-heterocyclic carbenes by Arduengo
Mew " N\ —Me Me .o 8¢ = 220 ppm
N~ N A Cc= PP

N-C-N angle =102 °

)=< N\_/N Me

Me Me Me M Air Stable
1992 1995
Oc =214 ppm dc =245 ppm
N-C-N angle = 102 ° N-C-N angle = 105 ° 1997
Less hindered cyclic diamino carbene Oc = 254 ppm

tetramethyl-imidazol-2-ylidene

No dimerization suggests this is
due to electronic stabilization.

Rob Lettan @ Wipf Group

dimesityl

Page 6 of 34

N-C-N angle =104 °
thiazolium carbene

I-Pr
Q(NAS
FPr Me Me
also stable

Arduengo, A. J., etal. J. Am. Chem. Soc. 1991, 113, 361.
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Carbene Stability

Electron Donation into

{ . } ca. —87 keal/mol Carbene Stability =~ Singlet Character = Vacant p-Orbital of Carbene
H H .
\
R ** g ca. —6kcal/mol
\[il/\l?/ EERREREEEEEEEE
R R Y
A SR ... S8 720 kealimol
N™ °N y
Electron donating groups promote Y
more stable singlet carbene oo oo

Further stabilized by aromatization.
Does not dimerize.

Repulsive electrostatic interactions would have a

N H N DMSO N N Electron lone pairs in close proximity.
(Y A — [ =]
N H N N N significant destabilzing effect.

Herrmann, W. A.; Kocher, C. Angew. Chem. Ind. Ed., Engl. 1997, 36, 2162.
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Preparation of Stable Carbenes

Deprotonation W X Y Z
’ al| R? N CR®* CR?
Base N b - S CR?> CR*
R1\%->)\X/W —_— R1\N/\X/W
\ .../ \ ./ c| R? N N  CR®
Y—1:<2 Y—z
d R? N CH, CH,
e R2 N CH,  CoHy
H
NHC formation caveats: _ _ )\ .
— strongly basic pKa =24 (DMSO) :-Pr\% 2\ — P

— react with oxygen
— their imidazole precursor's are susceptible to nucleophilic attack —
— sometimes difficult to isolate free carbene from metal ions used to prepare Me Me

Bases:
Metal hydrides: Work, but often sluggish due to relative insolubilitiy in suitable solvents (THF)
Catalysts (DMSO, +-BuOH) improve solubility and reactivity, but ineffective for non-imidazolium
adducts due to nucleophilicity.
Must avoid hydroxide, especially with non-aromatic salts.
KOt-Bu: Has been shown to be effective.
Alkyllithiums: Unreliable. n-BuLi and PhLi can act as nucelophiles, -BuLi can act as a hydride donor.
Lithium Amides: LDA and LiTMP work well, if not too much LiOH in n-BuLi during preparation.
Metal hexamethyldisilazides: Works very well for the most part.

Alder, R. W,, et al. J. Chem. Soc., Chem. Commun., 1995, 1267.
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Preparation of Stable Carbenes

Some Other Methods

AgCIz
R R

) 40 - 100 °C R %

/
N @ N N\
[N\>=Ag=<N] ~ |§/N R
R

<

H
R X i o R ..
X 40- 100 °C NS

|\/N—R > _ N—R

X = CGF5, CF3, CC|3

OMe 80 °C, 0.1 mbar;

NS toluene, A Ph\N/°\‘
)\ N—Ph > N—Ph
~ 7/ ~ 7/
Ph N quant. Ph N
X =N, CHy; R' = alkyl
}\/Ie
Me
N K, THF, A Me  _=e
’ ’ N/\
I >=S - _ N—Me
Me N\ Me .
Me

Me
Nolan, S. P. N-Heterocyclic Carbenes in Synthesis, Wiley -VCH & Co., 2006.
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NHC/Umpolung Reactivity

O OH
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0 0
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NHC Catalyzed Umpolung Reactions

benzoin condensation
Stetter reaction
hydroacylations
acylation of aryl flourides
nucleophilic substitution
homoenolate reactivity

- Cross condensations

- Diels-Alder reaction

- Heck-type cyclizations

Rob Lettan @ Wipf Group
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o) o)
Me)j\H ' \)I\Me
(+

catalyst)

Additional NHC Catalyzed Reactions

transesterification

- oxidation

- polymerization
ring-opening reactions
1,2-additions

aldol

Michael

benzoin

Stetter

Seebach, D. Angew. Chem. Int. Ed., Engl. 1979, 18, 239.
Johnson, J. S. Curr. Opin. Drug Disc. Dev. 2007, 10, 691.
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Benzoin Condensation

Breslow Mechanism

Y @ e base J;\N/\gf
/gx . I\ g Me
)\ "s £0
thiamine thiamine carbene HY‘I\S\ §
SJe)

HO
@® Me
benzoin © |/\$7§ ;{N/\g,
Phéo)/l\s Hoj/‘\s :

) 0, SO
LA

Ugai, T. et al. J. Pharm. Soc. Jpn. 1943, 63, 296.
Breslow, R. J. Am. Chem. Soc. 1957, 79, 1762.
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Asymmetric Benzoin

Enders
N
S
N —+ — _
o) Ve Q H-bridge p’ Q
e N=N N=N 0
Me Me o] / )
10 mol% e A A A"
ArCHO ( ) WL E ohs EGTE | Ar)]\./Ar
KOt-Bu, THF ! ﬁ H.0 W H 1
o 3 ) 3 H-bridge 3 )
Oor18°C n-stacking H-bridge 8-83% yield
*Re—attack %Re—attack 80-95% ee
J. You

0
1 mol% A or B

ph A:27%, 88% ee

2PhCRO — Ph)]\:/ B: 95%, 95% ee

THF, 23 °C OH

o] N o)
_/ L
N DFT calculations show B has a larger conjugation
interaction over mono-triazolyldine A.
A B Enders, D.; Kallfass, U. Ang. Chem. Int. Ed. 2002, 41, 1743.
You, J. et al. Adv. Synth. Catal. 2008, 350, 2645.
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Crossed Benzoin

Rrco

(10 m0|°/o 64-100% selectivit
i . J o

R™ H H H R = Me, Et, n-Pr, i-Pr, Cy, Ph, 2-furyl

Inoue

Muller: enzymatic

BAL, ThDP,
o o Mg?*, KPi buffer, o ) ]
J\ J\ DMSO, 30 °C A2 Arc must be.a bettelr e!egtron accetptor gtge;t Ar'.
+ > %
At S A" SH At conversion, selectivity, ee up to >
OH
BAL = benzaldehyde lyase
ThDP = thiamine diphosphate
Johnson: metallophosphite catalyzed p \
Ar = 2-FPh Ar
Ar,
CHO
o 5 mol% A, o OMe Me_ O QL0
)]\ .\ n-BuLi (20 mol /o)> 87% yield Me><o ) /P\H
. A ' o)
Ph SiEt, THF. 30 min Ph : 91% ee R
OSiEt, A "OA
OMe L )
via a Brook rearrangement pathway Inoue, S. et al. J. Org. Chem. 1985, 50, 603.

Mdaller, M. et al. J. Am. Chem. Soc. 2002, 124, 12084.
Johnson, J.S. et al. J. Am. Chem. Soc. 2004, 126, 3070.
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Azabenzoin - \

Murray/Frantz & Miller OO o Me\_/OBn
N -

c1© o H
n
M /
o R, O cata_lyst, R, O A e @N Me ” NHBoc
conditions N o
AL+ — = A M » ~~ ©
R H Ts N RS N R3 HO S S B
H H \=N®
O \_—~Me
\_ J
Murray/Frantz: o - -
10 mol% A, NEts, DCM, 35-60 °C, 0.5-24 h 98-98% yield o [ A - o [ B
F‘|~N---l---._.--"‘-| T N Rs Trgﬁfr.‘on F"“N "1N_,N Ha
Miller: 57-100% yield Ho States Ho
15 mol% B, PEMP, DCM, 23 °C, 2 h 75-87‘;:}/99 i ° ! e O H
=M o N .
} N-gy R...N._R [ N. O
HO—Z T HO—\E ~F N
Yy 0. b R
’:_‘ 8 (s-cis) H-Bond Donor 'i;\_:; 8 (s-trans)
\ _J
Scheidt ©
M
Me @N/ ©
O — — — —
I 30 moI%I > Me Me 0
0 N” \pPh Me” S Me __N 0SiZ; Me N OH 1 R2
+ Ph ' I >='< —_— I >=-< —_— R Ph
R! Sizz; R*> H DBU, CHCl,, Me S R’ Me S R’ HN\P//Ph
i-PrOH B - B - Icl)

Breslow Intermediate
51-94% yield

Murray, J. A.; Frantz, D. E. et al. J. Am. Chem. Soc. 2001, 123, 9696.
Miller, S. J. et al. J. Am. Chem. Soc. 2005, 127, 1654.
Mattson, A. E.; Scheidt, K. A. Org. Lett. 2004, 6, 4363.
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Intramolecular Crossed Benzoin

Complex Anthraquinone Precursors

©
Br Et
Me @N/
o—N Me] 20 mol% I > O—N OMe
\ S X .
X HO . 79% yield
dr = 20:1
DBU, +BuOH, " :
Me Y O CHO

40°C,0.5h

CO,Et

Enantioselective Synthesis of the Eucomol Core

] OH O
CHO 15 mol% ! OH
Rovis' catalyst : ot
> :
O/\[]/\Ph NEts, THF, rt, 25h ' HO 0 OMe
O 1
( Ph ) : (S)-eucomol
@/ '
N—N
|\
N" ©pF,
@)
Suzuki, K. et al. Adv. Synth. Catal. 2004, 346, 1097.
Rovis' Catalyst Suzuki, K. et al. Angew. Chem. Int. Ed. 2006, 45, 3492.
§ y, Rovis, T. et al. J. Org. Chem. 2005, 70, 5725.
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Stetter Reaction - —
Stetter, 1976 " @/R

N
[ N
O O 10 mol% A 0 HO/\IS>

+ -
n-Pr)j\H \)]\OMe NEt EtOH> ! F)r\"/\)l\OMe A:R=Bn, X=Cl
3; ’ | B: R=Et, X=Br |

78 °C o]

95% yield A for aliphatic
B for aromatic

IR
Me  _N OH o
I —_—
/\Is; Ln-Pr \)I\owle
HO
Breslow Intermediate
R o©
NEt, Me Nl Me BN oW

A —— | >; /\I ) OMe

HO S n-Pr

HO

N(\JM -

Stetter, H. Angew. Chem. Int. Ed., Engl. 1976, 15, 639.
Yates, B. F.; Hawkes, K. J. Eur. J. Org. Chem. 2008, 5563.

n-Pr
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Asymmetric Intramolecular Stetter Reaction

— Ciganek was the first to report and intramolecular Stetter reaction (1995).
— Enders was the first to report an asymmetric intramolecular Stetter reaction (1996, 41-74% ee).

— Significant progress has been more recently acheived by Rovis (2004-present).

. )
Rovis air and water stable, crystalline solid
0 O\ e,
A | 20 mol% A or B, base R Q? <\N \I}l
- : R toluene or xylenes _ :,,'»' ]:Igi S \;N@
L‘¢~ . A EWG - 1 Ar
e 24 h, 25 °C S TTX EWG
X=0, S, NR, CH, 82-99% ee if R = H: catalyst A, Ar = 4-OMePh
R = H, alkyl, aryl base = 20 mol% KHMDS
if R = alkyl/aryl: catalyst B, Ar = CgF5
L base =2 equiv. NEt3
Desymmetrization
0 10 mol% A,
10 mol% KHMDS, 60-94% yield
R'— > 82-99% ee
toluene, 23 °C >95:5 dr
R 07 cHo

Rob Lettan @ Wipf Group

Ciganek, E. Synthesis 1995, 1311.
Ender, D. et al. Helv. Chim. Acta. 1996, 79, 1899

Rovis, T. et al. J. Am. Chem. Soc. 2004, 126, 8876:
Liu, Q.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 2552.
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Asymmetric Intermolecular Stetter Reaction

Enders
©BF,
—N — m b
S NV@Bn + Re-attack
\ N~ N/\Ph N~ /\ph
PhCHO OTBS /</

/4 O
(10 mol%) Lon N ) ﬁNJ\Q’P"O Ph
N - \/WPh ~ /§/U\ —> ph >
o 10 mol% Cs,COs, o2 Bh O
THF, 0 °C, 6 h = i
Ph/\)l\ph TS open

TS closed
Si-attack (blocked) 65% yleld, 66% ee

] o
Rovis BF4
—N F

N N2 F
F . 1. Super-hydride 0
0 Et F 0 Et THF, —100 °C

E \CO,H
2 1% - 95%, 8:1 dr 0 w2

(\NJ\[I/H .\ S/Cogt-Bu (20 mol%) _ (\N)J\Im/cozt-su _

P -Pr,NEt, CCl,,

2. HCO5H, 23 °C
0 0 CO,tB 0 O  CO,tB oH, 0 Et
2% Mgs0,, —10°C, \) 2ret quant. N

12 h, 84% yield, >
90% ee

@)

Enders, D.; Han, J. Synthesis 2008, 3864.
Rovis T. et al. J. Am. Chem. Soc. 2008, 130, 14066.
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] : S
Special Intermolecular Stetter Reactions e o F
N
One-Pot Synthesis of Pyrrols and Furans (Stetter-Paal-Knorr) /\I >
HO S
A:R=Me, X =1
Miiller 1. (PhgP),PdCl,, 5 i |B:R=Et, X = Br |
OH Cul, NEts, A R°NHp, TsOH,
e+ = N\ Y - " 53-82% yield
Ph 2. R4CHO, 4A Sieves, A

R! O
20 mol% A m
Scheidt =2 o

0 0 20 mol% B HOAc,A  R'._O~\__Ph
R1J\SiM63+ Rz/\)l\Ph T~ 4 N - U 42-84% yield
, FFT ) 2

THF, 70 °C

Polymer-Supported Stetter Reactions

Ph Can easily recover polymer and use up to
n 4 times without loss of reactivity.

S

[ D
7

(@) 0] ° @l}l © R o o)
Me o/ 1,
R1LH + Rz/\HJ\ R4 DMF NEt 80 oC > R2 R4 6g?>%?50//c; .ZILe”l’%y
RS ’ ¥ RS

Muller, T. J. J. etal. Org. Lett. 2001, 3, 3297.
Bharadwaj, A. R.; Scheidt, K. A. Org. Lett. 2004, 6, 2465.
Barrett, A. G. M. et al. Org. Lett. 2004, 6, 3377.
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Natural Product Synthesis using the Stetter Reaction

Bn
eC|

Tius

(30 moI %)

6-hexenal
NEts;, dioxane,
Me 70 °C, 18 h, 60%

8 steps from

5-hexenal
Nicolaou OBF,
/N‘%*CBFS
N—/
0] Br >
NEt;, CH,Cl,
H 45 °C, 64%
8 steps from
dihydroresorcinol
Rovis

\/N®
“CeFs

20 mol% KHMDS,
0 °C, toluene
88% yield, 99% ee

Q 0
I
| N—PMB
0
o)

4 steps from
N-PMB maleimide

Rob Lettan @ Wipf Group

Me 140 °C

(20 mol%) _

—

) 4 1. Grubbs catalyst
. 2. H,, Pd/C

o

3. (NH4)2C/O3,

Me . C .
propionic acid,

Me O
Br ,,
" —> oH /

o)
inal ) ) Me
~ Singie (x)-platensimycin
diastereoisomer
"l/
N\PMB

N—PMB —>
l, e
FD-838

Harrington, P. E.; Tius, M. A. Org. Lett. 1999, 1, 649.
Nicolaou, K. C. et al. Chem. Commun. 2007, 1922.
Orellana, A., Rovis, T. Chem. Commun. 2008, 730.
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Homoenolates
Can also access y-lactams if imines

Me Me Cle are used as the electrophile.

Me
N \N O
O 5 mol%

RO+ 0 4 7-/f7% yieﬁ
H™ ~R? KOt-Bu/THF or DBU/t—BuOH/THF - cis/trans = 4.
R1
Mes
R /\)\(

J shielded

OH

N
Ph)\(
Me Me M N\/)
es
Me Me
\—/
Me Me

shielded

RY Oe acessible QH

O I\I/Ies Ph/\)\(N
o N N\/>
R1
0 LJ 0 o,
Mes/@ H)]\R
RZ
i Burstein, C.; Glorius, F. Angew. Chem. Int. Ed. 2004, 43, 6205.

Bode, J. W. et al. J. Am. Chem. Soc. 2004, 126, 14370.
Sohn, S. S.; Bode, J. W. Org. Lett. 2005, 7, 3873.
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p-Lactones

Me Me CI@
L™
N
N \l\b FsC
Q 5mol% Me —  Me Ph~—o 48% yield
Me X CHO 4+ )J\ o _& 3:2dr
\M(\/ Ph” “CF, NEts, toluene, 60 °C 1 0
e

Me Me

Mes

X _-CHO Mes
R1/\/ /\)\(
-« » R J
l Mes
Me Me

Me Me Mes

NKN /\)\(
\=/ Me J

( —& R Mes/'%-) R3j)\R2

Glorius, F. et al. Synthesis 2006, 2418.
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Azadiene Diels-Alder Reaction

(o
\ N\
PAVN @]
ArOZS\N 10 molo BGF\/ Mes ArO,S._
o 4 N CO-Et 90% yield
A CHO 4 -
EtO,C H)]\/\Ph DIPEA, 23 h X >99% ee

0.05 M toluene/THF (10:1) Ph

E10,C /\/CHO

/N
¢ Mes ®
:O _>\ Meocsru:; N f R!
= _N ,
|||N 'z,l -_< +
\.\./ Mes EtOC 7/

OH "‘T'l-
Etozc/w N)/"H EtOzC/\)\< 7/‘?1t
N—N
/
Mes

z—-2

~

Ph  CO,Et

i L
ArO,S
2SN CO,Et E‘a ArO,S
@) SN
A ArOZS e N—
Ph @ J\/\
H Ph

Bode, J. W. et al. J. Am. Chem. Soc. 2006, 128, 8418.
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1,3,4-Trisubstituted Cyclopentenes

e

el

6 mol%
A0+ /\)]\ 55-88% vyield
il R® R 12 mol% DBU, THF, rt, 8h Nans
Mes S NHC
F‘A\)\Q \ « Jé_(
Mes
Me Me e Mes
N _>
\_/ R2
° ve 2k O@ Vies OMe
Mes
N©)
, ® ' __-CHO
o= AR R? p A 4-OMePh
<) . gy
R O oy

g3 Mes s ’ \ /

R1 R2¥ / \ /
CO, 43%

R! R?

Bode, J. W. et al. J. Am. Chem. Soc. 2006, 128, 8418.
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Enantioselective Cyclopentane 1 o

Synthesis

99% ee
CO,Et
ci®
' 'N Mes
10 mol%

\)—N

DBU, toluene, rt, 15 h
o}
CHO OH
RN TR Y
Me Me

cicy

. .N&NéMes
10 mol% o\)Z/

Y DBU, toluene, rt, 15 h

o Me
O N ve

OH 99% ee

CO,Et

Rob Lettan @ Wipf Group

. SO SOk
Me ’X_ \) EtO,C md Me EtO,C OH
N—/ 4a (major product

with triazofium 1+Cl)

7a (major product
with imidazolium 2+ClO,4)

M
o T lactonization
Ph HO Gat. EOL pp o~
Et0,C ) Cat.
. O
benzoin T vV o_
addition l intramolecular aldol

cyclization

Et0,C pp

Ph HO ¢at.
S
—_— EtOZC 2  —
O- Q

o o\
1] VoL
oxy-Cope and H

_t+ tautomerization

OH EtOQC Cat
Et020 /\/
O

Vil IX O
II Chair oxy-Cope TS v T L intramolecular aldol T 1
- - cyclization
benzoin T or homoenolate .-’ Ph O
addition l conjugate add.,.” Ph OH é’
22 + EtO,C at.
o EtOC Cat.
(e}
Me ’x_ o 0
/@/N N\) vim O X oH
M M %
© eOH/\l[ lactonization l
| OQ\‘H
\ i L
Ph
= \f\s-trans Ph o Ph S0
~ OH _.\\l—Me
EtO e} ] Me
EtO,C Me Me EtO,C" OH

5a (minor product

ent-6a (not observed) X A
with either 1+Cl or 2¢ClO,)

[the enantiomer is a
minor product with 1+Cl]

Kaeobamrung, J.; Bode, J. W. Org. Lett. 2009, 11, 677.
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Annulation with Aryl Nitroso Compounds

Me Cl Me
Me)\NC/NG;kMe J
— @)
CHO /©/NO 20 mol% 45-81% yield
x-CHO + > -81% yie
RN Mo 20 mol% DBU, THF, —5°C  Ar H@—Me
0 oH P NO
N / Me
i-Pr/

Bamberger-Type Me
Rearrangement

Me Zhong, G. J. Org. Chem. 2009, 74, 1744.
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NHC-Catalyzed Redox Processes

Rovis
N T 10T -
T @ OH o) o)
20 mol% " ~Ph
Ph ©Ho > Ph/\)\(N 7 —> Ph/\)k( " ; —> Ph/\)l\osn
! NEts, BnOH, Lo N .
' toluene, 25°C, 4 h i Ph/ | i Ph/@ | 80% yield
Bode
Bn
Me &N ci©
I S OH O
o 10 mol% S
Ph/<f/ CHO = > Ph)\_/”\OEt
i-Pr,NEt, EtOH, o
e CHyClp, 30°C, 150 g99 vield, 13:1 ar
Scheidt M S
e\N@ |
</N:© O
5 mol% Mé
o X CHO > Ph/\)l\osn
_ DBU, BnOH, PhOH, Y
Zeitler M@ ¢ toluene, 100 °C, 2 h 82% yield
N
¢ 5
5mol% el
. oo = > Ph/\)j\OEt Rovis, T. et al. J. Am. Chem. Soc. 2004, 126, 9518.
zZ DMAP, EtOH, ) Chow, K. Y.-K.; Bode, J. W. J. Am. Chem. Soc. 2004, 126, 8126.
Ph toluene, 60 °C, 2h 65% yield Chan, A.; Scheidt, K. A. Org. Lett. 2005, 7, 3873.

Zeitler, K. Org. Lett., 2006, 8, 637.
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NHC-Catalyzed Azidation of Epoxy-Aldehydes

NCIe j
T OTMS
O 20 mol% N\éN@Ph H 0
CHO NH
Ph/<*/ - Ph)\_/N\n/N3 or )\/
Me 16 mol% NEt;, |\:/| 5 Ph A
TMSN,/NaN3, (EtOH) e Me
toluene, 25°C, 4 h TMSN3/NaN; TMSN3/NaN5/EtOH

(2.5:1) (1:1:1)

Me
Me N—N
P EtOH creates equilibrium, which leads to
intramolecular oxazolidinone formation.

—N OH O 0
N S A A
v _Ph R ] o
Me % %
PH Ve
w/ EtOH
Curtius
OTMS
OH O  Rearrangement  OH NuH )\/H
J\/”\ > J\/N\ — > ph N Nu
R N7 N, RNy, : b
Me Me Me O

Rovis, T. et al. J. Org. Chem. 2008, 73, 9727.
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O- to C-Acyl Transfer

e
—Co N BF4 5
R2 1mol% NN R1OL,
=\ - R 67-84% yield
N 0.9 mol% KHMDS, N/
THF, rt, 5 min \<
Ar Ar

R10,c R N N~Ph o—COR!
R2 "' ot R2\|/<
0O -
O
Ar Ar
o©

Crossover experiment supports mechanism:

2 different starting materials (R1/R2 and R1'/R2') give 4 different products.

Rovis, T. et al. J. Org. Chem. 2008, 73, 9727.
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Trans-Esterification

Nolan o @M\
O Cv-I N*c O
0.5-5 mol% “~Y y 0
1J\ , t R3OH - > 1J\ ; + MeOH or )]\
RTOR 4AMS, THF, <3 h RT OR Me” “H
R' = alkyl, aryl
R? = Me, vinyl 90-99% yield
R3 = 1° and 2° alkyl Equilibrium process that favors
. product under reaction conditions.
Movassaghi o
Cl@/™/\
O RS 0.5-5 mo|0/oMeS’ Q/N"Mes O R3

1J\ o ¥ )\/OH - - > 1J\ )\/OH + R2OH
R OR HN 4AMS, THF, <3 h RN
R = alkyl, aryl 9% Vi
R? = 1° alkyl 66-99% yield

Competitive experiment with HNBn gives only the desired product. — Alcohol is necessary.

}\/Ies ji\ Mes HOXT e,
.. oM / \a\
[N>. HO ° I:(S>.--H o. OMe 2 N /; N

/ N{1 N[D) < \
\ \L { - | O~
MeS NH2 MeS NH2 / ' \
I i
Mes Mes  HQ R ey
N . XTW Theoretical studies by Hu support this mechanism.
| >-"'HO\M I:6>---H o
N © f K/NH Nolan, S. P. et al. Org. Lett. 2002, 4, 3583.
\ 2 Hedrick, J. L. et al. Org. Lett. 2002, 4, 3587.
Mes product Mes Movassaghi, M.; Schmidt, M. A. Org. Lett. 2005, 7, 2453.
(after acyl transfer) Hu, C.-H. Tetrahedron Lett. 2005, 46, 6265.

Rob Lettan @ Wipf Group Page 30 of 34 3/30/2009



NHC-Catalyzed 1,2-Additions

Scr g/
j\ 0.5-5mol% R NR )olms oTMS
- or
1
RWH TMSCF4/DMF or TMSCN/THF R” CFs R ~CN
R' = aromatic, aliphatic, R = adamantyl, Mes 79-99% yield
branched aliphatic
0
J]\ R Maruoka
A" H O 08 TMSNuc 0 JIS
| \>—< or
N L Ph)]\Me Ph™ H
R _
}? (1 mol%)
/_\ ®N O—SiMej
NN~ \>_< TMSCN/THF
RN R [N v 174\ !
\R R eNuc
NHT
OTMS oH °
J\ /¥ or Ph/k\H
R Nuc Ph Me CN
OR CN
99% 92%
0 [T\ ®
R N N . .
/ J\ R™'N\¢ R Lewis-base mechanism
Noo Meg R "H —NHC  otms more plausible.
[ >-.- ---Si_ —— O@ SiMeg ——>
N MeMl Nuc J\ — R Nuc Song, J. J. et al. Org. Lett. 2005, 7, 2193.
\ e ] Suzuki, Y.; Sato, M. et al. Tetrahedron, 2006, 62, 4227 .
R R Nuc Maruoka, K. et al. Tetrahedron Lett. 2006, 47, 4615.
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Mes Mes Mes

Aziridine Ring-opening [N\g oo, (X oo, ("0

Mes Mes // Mes
Chen e N Mes J NMeS X
R N R R~
= NHT | == %H NTs
j)\ 20emol% o R 4<o,,ﬁ i [NH OH )
R1” NH Cl@/—\ Y i Mes I
+ Me ’NQ/N"MeS R2 “‘O Mes
R - l 40-95% s (=
KoCOg, 18-crown-6 3 i \> 2 - LR NHTs
3>NTS 50 °C, air, 24 h R NTs 2 E (§O NHTs| ™\ Nl\/jes : o 02/ O,
R Mes [ > NHTs / IV
N 08 v
- Mes O™ °
v v
Wu
5 mol% .
O ° Lewis base-catalyzed pathway proposed.
R2 @N\ S -N~Mes R2_ _NTs =\
>NTS - j’ 90-99% yield e
a1 TMSX, THF, R17 "y TsN‘\ Mes™ Mes
23 °C, 0.3-24 h P\R1 | Me
1/
X=Ns, Cl, | R2 w- -SI\:/I\Me
e

Rate: | > Cl >> N,

R' = alkyl, aryl, H

2 _
R= = alkyl, aryl Chen, Y.-C. et al. Org. Lett. 2006, 8, 1521.
Wu, J. et al. Tetrahedron Lett. 2006, 47, 4813.
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NHC-Catalysis/Initiation of Silyl Enol Ethers

Song f"LB
g)SiMe3 Sc oM/ '
CHO ., 0.5 mol% Ad™" X" ~Ad COMe
e
MOMe - M Me
Me Ve THF, 23 °C, 3 h; then HCI Me
What is the Lewis base? 83% yield
Scheidt
can be isolated N’ N
SiMe,Ph [ osiMeph ] e
2 5 mol% n-Buli 5 mol% iPr  iPr
HO > | Et . H » Et Ph
S THF, 0 °C ﬁ/ PhCHO, —78 °C
n-Bu n-Bu n-Bu 80%
o) - - 20:1 Z:E
/IJ\ O,
[\ Ph” “H s
B T === Pr//J\_/:—N\ 14 > a S
¥ 2,
PhMe,Si~ Q . OSiMe,Ph
3 Fabel
i / (
nBu
)OL 0SiMe,Ph Et "K\\‘ H / ’
E "Ph n-Bu O
| J/L A o7 '\, c
n-Bu Ph H
Si-transfer c.C X .
0 O bond
1or15 )L /\\ formation
Be Ph
' Song, J. J. et al. Org. Lett. 2007, 9, 1013,
n8u” Scheidt, K. A. et al. Org. Lett. 2007, 9, 2581.
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In Conclusion

— N-Heterocyclic carbenes are powerful reagents for the synthesis that have
seen a remarkable growth in application over recent years.

— NHC organocatalysis has given chemists the ability to access unusual
reactivity patterns (Umpolung) along with other reactions (1,2-additions, redox,
opening of small rings).

— New synthetic opportunities are just beginning to be explored, along with
improvements in enantioselective NHC catalysis.

— Although not covered in this discussion, it is worth mentioning that NHC's
have also proven as valuable compounds for ring-opening polymerizations and
have been utilized effectively as ligands in metal catalysis.

LI | Be B|C|N|O| F|Ne
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2
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@
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@
<
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e
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