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What is an NHC?

e Nucleophilic carbenes; excellent ligands for metals, but also serve as
excellent organocatalysts!

e Arduengo et. al. isolated a stable crystalline N-heterocyclic carbene and
found to be thermally stable.

e Stabilized by “push-pull” effect.

e Cheaper than organometallic reagents, more environmentally friendly

Common NHCs
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Decarboxylation of Pyruvic Acid by Thiamin

e Significant discussion in literature about the mechanism:
¢ Amine acting as a Schiff base?

e Thiamin not effective under experimental conditions

e Amine group is actually not very reactive
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e Opening of the thiazole ring?
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e | edto work by Ugai et. al., Mizuhara gains some important info, Breslow for the put away.
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Science in Action!

¢ Krohnke showed pyridinum compounds can condense with aldehydes:
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e Ugai expected thiazolium compounds to as well...
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e Mizuhara showed pH optimum for the benzoin reaction catalyzed by thiamin to be

8.4...but attributed it to the pseudobase formed from thiamin. Says everyone before
this was wrong about Schiff bases or opening of the thiazole.

e Breslow’s take: “He [Mizuhara] showed that the reaction exhibits a very pronounced
optimum at pH 8.4, which is near the pK of pseudo-base formation by thiazolium
compounds, and proposed an unusual and rather unlikely mechanism involving the
pseudo-base of thiamin.”
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The Breslow Intermediate

e Picolinic acid decarboxylates readily- stabilized by inductive effect of positively
charged nitrogen (carbene formed would be neutral).
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e Thiazole-2-carboxylic acid decarboxylates much more readily... even at rt! By

analogy to cyanide anion, describes the mechanism of the benzoin condensation

catalyzed by thiazolium salts.
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What Can NHC’s do for you”?

e Benzoin Condensation

e Stetter Reaction

e Homoenolates

e Formal Cycloadditions and Cycloadditions

e 1 2-Addition Reactions

e Transesterification/Acylation

e Ring Opening Reactions
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The Stetter Reaction

>

Z "EWG

OHC
N
e

NaCN

solvent

ZOEWG

-

O

R)l\/\ EWG

L

O@

R/|\/\ EWG

CN

P

OH

> ©
R’i\/\ EWG

CN

Monday, July 12, 2010



NHCs in the Stetter Reaction

e Allow for stereochemistry to be introduced to the reaction

e First asymmetric intramolecular Stetter reported by Enders in 1996 using NHC'’s,
later improved by Rovis et. al.

e The intermolecular Stetter faces the problem of self condensation of the donor
aldehyde, circumvented by Scheidt et. al. utilizing acyl silanes

e Asymmetric Intermolecular Stetter reports by Rovis et. al. utilizing fluorination of the
NHC backbone to increase selectivity
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NHCs in the Stetter Reaction

e Enders et. al. Helv. Chim. Acta, 1996, 79, 1899-1902. Compounds generated are building blocks for
compounds with strong fungicidal activity.

e Both enantiomers of catalyst available in large quantities. Rationalize selectivity via shielding of the re-face of
the acceptor by the phenyl group of the dioxane moiety. Also note model simplifies things greatly...

O
7R CHO 20 mol% triazolium catalyst .
Rq Z > Lo " "CO,Me
0 > co,Me K;CO3, THF R
44-73% O
41-74% ee
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A Highly Enantioselective Intramolecular Stetter Reaction

e Rovis et. al. found chiral triazolium salts that can be prepared from amino acids that are bench stable crystalline
solids.

e (Catalyze the intramolecular Stetter with good yields and moderate to high asymmetric induction.
Q 20 mol% cat. O

(:(‘LH 20 mol % KHMDS d‘j/\coza

XN coEt xylenes, rt, 24h «

64-94% yield, 82-95% ee

20 mol% cat. o

0O
N\ CO,E 20 mol % KHMDS . CO,Et
xylenes, rt, 24h

81% yield, 95% ee
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Quaternary Centers!

e Addition into a B,B-disubstituted Michael acceptor to introduce quat. centers

? 20 mol% cat. O
EWG 2 eq. Et;N EWG
X - R
X" "R toluene, rt, 24h X
55-96% yield, 89-99% ee

X =0, S, CH2; R = Me, Et, Ph
EWG = CO,Me, C(O)Me

0 20 mol% cat. o
Y R Cot 20 mol % KHMDS . /co,Et
xylenes, rt, 24h ';“

63-90% yield, 84-99% ee
R = Me, Bu, CO,Me

e Found that E alkenes worked better than Z alkenes (proved to be sluggish and had

lower selectivities).

* Can synthesize cyclopentanones with quaternary centers! Can cyclohexanones
be done? Different EWG’s? What about trisubstituted alkenes?
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Desymmetrization of Cyclohexadienones and NHCs

e Powerful way to access enantioenriched material from commonly available

precursors
OH 1) PhI(OAC),, O 10 mol% catalyst 9
© ethylene glycol Q 10 mol% KHMDS %
> . H
2) DMP —0 toluene, 0.008 M o
R R 0—/_ R (0]
78-94% yield, 82-92% ee
fo) (o]
' ' 10 mol% catalyst \ ,
R \Q,R 10 mol% KHMDS R R
- H
=0 toluene, 0.008 M 0
R o R0

62-86% yield, >99% ee, single diastereomer
R = alkyl, R' = Me, t-Bu, CH,0Me

10 mol% catalyst
10 mol% KHMDS
- H
Qﬁo toluene, 0.008 M %0

60% yield, 90% ee, >95:5 dr

e Such hydrobenzofurans are core skeletons in many natural products. How far can
the reaction be pushed?
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Intermolecular Stetter

e 2001: Muller (Germany) publishes a novel one pot pyrrole synthesis using a Sonogashira coupling-isomerization-
Stetter-Paal-Knorr sequence.

@)
Br
OH  Pd(Il), Cul i RJLH
+ = - X~"“ph
Ph Et3N, heat NG HO S
CN v>LTNI>(~9 S
\ |
RO o R R
NH,R' , N
Ph s Vi Ph
acetic acid
NC NC

e Limited scope, yields range from 49-59%... not too bad after 4 transformations (recrystallized to greater than
95% purity).

e Future work “to extend these one-pot heterocycle syntheses to pharmaceutically and electronically interesting
systems”.
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Intermolecular Stetter

e 2004: Scheidt (Anita, too) exploited acyl silanes to effect an intermolecular Stetter. And expand upon Muller’s
initial work.

R, O )C)L 20 mol% cat. IO/?L AcOH y “ﬁR
+ -
N . R / 3
R1/‘\)LR Ar” ~SiMe; DBU, i-PrOH ! R

70C

PhNH,, TsOH
mol. sieves

e One pot synthesis of furans and pyrroles, both important motifs for natural products, pharmaceuticals, and
materials.
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Asymmetric Intermolecular Stetter

¢ |nitial report by Enders in 2008, yields ranged from 49-98% with enantioselectivites from 56-78% ee (up to
90-99% ee upon recrystallization)... In 1993 they reported a version with 30% vyield and 40% ee.

o) o) 10 mol% cat. Q on
o
Ar)LH Ph/\)Lph 10 mol % Cs,CO4 Ar )L‘?V\lr

0C, 6h Ph O

Ph
LY
N

K

|
TBDPSO

BF4

¢ Revealed some mechanistic details and proposed transition states explaining selectivity.

Sl oo
P /g/ h CN/S/ h O
H I N
:0 O Re-attack OH
TBDPSO— --.H/ TBDPSO—
closed TS open TS

e \What if you can’t recrystallize your product? Several examples in the paper where this was the case. Albeit, a

very nice first step.
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Asymmetric Intermolecular Stetter

e Rovis used back-bone fluorination to improve selectivity. Yields ranged from 62-99% with 83-99% ee. Alkyl R
groups!

10 mol% cat.
N H RX-NO: - TN TN,

e Manipulation of stereoelectronics (gauche effect) causes conformation change of the catalyst and increases
yield and enantioselectivity.
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NHC’s in the formation of Homoenolates

e Several ways to make “carbonyl anions”, many ways to make enolates, few
approaches to make homoenolates in a direct, substoichiometric fashion

e Bode and Gilorius first utilized NHC’s to form homoenolates from «,[3-
unsaturated aldehydes.

e Scheidt utilized NHC'’s for B-protonation and formation of enolates.
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Homoenolates from «,B-unsaturated aldehydes

e Bode reported the reaction in 2004, JACS

o) 8 mol% cat O
o) 7 mol% DBU
H - 0
| )LR 10:1 THF:BuOH Ar
Ar n R

0 5 mol% cat

o)
J/U\ JOL 10 mol% KOmBu
H - o)
| F.C” R THF, rt
3 Ar Ph

74-94%, ~3:1 cis:trans

Qg

Mes.Né\N,Mes

D\_J

e In both cases, limited scope, need aromatic aldehydes. Selectivities are around 3:1-5:1 in both reports. Both
favoring cis.

e Glorius was able to extend to ketones, however required CF3 as a substituent and 2 equivalents ketone.
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General Mechanism

e Proposed by Bode, Glorius, and Scheidt 0
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Scheidt’s Work with Homoenolates

e A reduction of sorts, or is it an oxidation...

0 O

/ (o]
DBU, PhOH, PhMe BnOH
R/\/U\H . R/\)KWN%D > R/\/U\OBn

®! © @®N

o

\

e (Can more interesting electrophiles be used? Yes! >20:7 dr, yield between 60-80%

o ® 20 mol %catalyst Q NaOMe. MeOH 7
0 O\N,Ph EtsN, CH.Cl,, -25 C; o aLMe, . MeO OH
R

- 1 |

S +
R/\)LH Ph/ll\H R N‘Ph N.

Ph Ph

Ph

e S0? Can be elaborated into y-amino acids: modulators of neurotranmission, pharmaceuticals, natural product
scaffolds (lactacystin). Can cleave the N-O bond and cyclize to make lactams.
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Homoenolate Addition to Chalcones

e Expected a synthesis of cyclopentanones, however unexpected result was obtained.

(0] 6 mol% catalyst,

0 “ 12 mol% DBU, THF, rt 0
+ R
Ph/\/U\H s 5 - Ph ’ 0
cl @\ ci R A NOT OBSERVED!
B
N
Mes

0 6 mol% catalyst, Cl
0 “ 12mol% DBU, THF, it py, O
© R - )
oAy M
es© ¢
Cl @N' Cl R

&

.
Mes

55-90% yields, single diastereomer formed
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Homoenolate Addition to Chalcones

* Proposed Mechanism:
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NHCs in Cycloadditions

o)
i . \ép Conditions n-R 1 CO.Et
H | d ‘IN > + HN ¢
CO,Et vah EO,CT M X-"“ph
A B

e Using the shown catalyst and DIPEA in toluene/THF results in exclusive formation of the dihydropyridinone
e >99% ee, >50:1 cis diastereoselectivity, No work-up required! (does require column chromatography though)

e Tolerates variety of imine substrates, including heteroaromatic and aliphatic; also varied the enal substrate to a
methyl ketone and t-butyl ester.
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Proposed Mechanism and Origin of Selectivity

© Mes
Ar O H O _Mes S o”@&
P N R On. RM N
© LN CY e 0 N—
H” NP pp o ;44% ‘

e (is stereoselectivity explained by a Z- enolate or enol...postulated that protonation of the Breslow intermediate
occurs only in fully conjugated, extended arrangement that leads to Z-enol.
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