N-Heterocyclic(NHC) Carbenes as Organocatalysts

General type of N-Heterocyclic(NHC) carbenes
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Introduction
Feature of NHC carbene

+ Singlet stable carbene
i) t-donation into the carbene out-of-plane
R p orbital by the electron-rich n-system
7 ° N ii) Resonance form(ylide structure)
( GN,QC sp2 iii) o-electronegativity effect
6)
+ Nucleophilic character

Explained by resonance form
Resonance form

2009/7/8(Wed)
A. Nojiri(M1 part)

Review: Enders et al Chem.Rev.2007, 107, 5606
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Ylide structure
Preparative method of NHC carbene.
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Azolium salt ylide carbene
Utility
(1) oy E
As nucleophilic carbene (2) : As ligand for metal-based catalyst :
! R R :
Ry _ R | et strong s-donor,
/ ( | _N_ N- poor w-acceptor ;
RN 5 N-R, , B Y T4 steric properties of NHCs |
: M :
© reaction l
Topic in this literature seminar ' C-C cross-coupling
' the olefin metathesis !
. etal L =
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1. First isolation of carbene
History of discovering stable singlet carbenes

1) Bertrand work

}oAdm, Chem Soc 1988, 110, 63610866

" Related report

Bertrand, G rt al, Angew. Chem. Int. Ed. Engl. 1989, 17, 363
Bertrand, G rt al, J. Am. Chem. Soc. 2000, 7122, 998

Analogous o,e/-Bis-Carbenoid Triply Bonded Species:
Synthesis of a Stable
A3-Phosphinocarbene-2*-Phosphaacetylene

Alain Fgan, Hansjorg Grutzmacher, Antoine Baceiredo, and Guy Bertrand*

_____________________________________________________________________________________________

RzN\'_ Nz hv R2N R2N® o . RZN\ ~ .
P=C-SiMez = P=C-SiMe3
R,N R,N R,N R,N

/Stable for several weeks at r.t

/Bp 75-80 °C(0.01 mmHg)

/Distillable

/Reactivity of carbene and multiple bond was observed.

Reasan af sisbiliby, Electron donation from the heteroatom lone pair

Y into the formally empty p-orbital of the carbene center
? The interaction of the carbene lone pair with
the o* orbitals of silyl groups
This is the first report of bottle stable carbene.
But Bertrand didn't insist that point because his focus was "chemistry of C-F triple-bond".

A. Phosphinocarbene  B. Phosphorus vinyl ylide  C. Phosphaacetylene

i
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2) Arduengo work

A Stable Crystalline Carbene @
Anthony J. Arduengo, LH.* Richard L. Harlow, and

Michael Kline N1 THF

5 N
H NaH ——— .+ Hod * Naci
J. Am. Chem. SOC. 1991, 113, 363 4[3ﬁ/>?c,- BEI‘\tIISO [N> g ¥
First characterization of the crystalline carbene Q
They insisted until now there have not been 2 1
any 'bottle-able" carbenes Goloilessavii
E<§§;rllﬂ:tual features of NHC carbene> Stable in the absent of oxygen and moisture
able 1. Selected Bond Lengths (pm) and Angies (deg) in 1
B ’“‘ s —— s Difference between imdazolium ion 2 and carbene 1
] g B B2 | 1) a diminished n-delocalization in 1
e TRTT iRl 123 (D) as compared to imidazolium salts
I 38.2 (23 ol e S 107.2 (1) 2)hybridization at the carbene center that influence bond
zx J :"i”‘ 6.2 {2 distances
el .y ; - ‘ : : more s-orbital character is used to stabilize

-
17N Lag

(from X- ray analysis)

Pickup ¢
imidazolium salts(2) carbene 1 center.
N¢-Cp 132.8 pm N4-C, 136.7 pm Typical angle of carbene(calculated)
N3-C5 132.8 pm N3-C, 137.3 pm R @ triplet O singlet
N4-C-N3 109.7° N4-Cp-N3 102.2° o R.
/A R/CQD repultion
of | [ )
130~150° 100~110°

the in-plane lone pair of electrons at the carbene center,
the N-C o-bonds take on more p-character at the carbene

2 page




2 Classical application : Umpolung reaction
to Expanded application: Conjugate Umpolung reaction
Umpolung reaction

See Shimizu-san(M2) lit about Umpolung

5 0 1
| 1 g J\(R 3
i R™H R™ H . 1
5 0 0
| Ie s

In 1943,Ugai et al. recognized that thiazolium salts
could also be used as catalysts in the benzoin condensation

<Mechanistic propasal of benzoin condensation>

On the Mechanism of Thiamine Action. IV
Systems

Evidence from Studies on Moadel

By RoxaLp BRESLOW
J. Am. Chem. SOC. 1958, 80, 3719

Catalytic Cycle of the Benzoin Condensation as
Proposed by Breslow

¥ cat.b /l{j
[ cal., base - _R -
R” ¢ ROY Tt RTYT
R o= Aryl -
4 CH OH
(R)-8 (5)-8

+Thiazol-2-ylidenes and triazol-5-ylidenes are used as cat.

+Asymmetric version also is developped
by using chiral NHC catalyst.

Expanded application
Conceptually new approach the generation of homoenolate

OH R
/%)C')L * N,x:\N R R r\i L
R NH R R R X 2)
. .

Breslow intermediate

N i
.. Umpolung

il SN SO
OH R e Ok R Proton H 9 R Ht T e
R/W[}J R/\/)\r/ﬁl transfer g ~F =N R =N
X N N N
B N7 R’ R’ R’
acyl anion activated
¥ homoenolate enolate carboxylate
- e+ E* ROH
v '

Benzain reactions
/Stetter reactions

homoenolate

additions formation

Various reactions has been developed by using this system.

enolate C-C bond

Substrate control

Catalyst control

/Ligand structure
/iImidazole, triazole, thiazole
/Steric hinderance

/Base selection

esterification

page 3
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3.1 Homoenolate addition to aldehyde or imine
OH

R OH R
NN A
o N~ R,N\//X
homoenolate Breslow intermediate
e S
of homoenolate H/I\R H/“\R

Ligand design

shielded | DUlky
acessible OH group
R X ~ N\X
Nz
[ bulky
@oup

3.1.1 Homoenolate addition to aldehyde
Organocatalyzed Conjugate Umpolung of
a.fp-Unsaturated Aldehydes for the Syathesis
of y-Butyrolaciones™

____ i Recieved date
Glorius : 2004/
Bode 2004/

Christian Bursiein and Frank Glovius® .

Angew. Chem. Int. Ed. 2004, 43, 6205 /!

. Same target reaction
08/06 : and same catalyst
09/01 © (26 days difference!)

N-Heterocyclic Carbene-Catalyzed Generation of Homoenolates: |
»-Butyrolactones by Direct Annulations of Enals and Aldehydes ! ;[ﬂ];éijl-:]é RE‘_;_HEH(; alf[‘%urﬁtein and Glorius: 3 mol %o 184, 10 maol
] I-bu., . 1
Stephanie S. Sohn, Evelyn L. Rosen, and Jeffrey W. Bode* ' : = -
’ i entry R: R: vield (%} Cisrans
1
J. Am. Chem. Soc. 2004, 126, 14370 : 1 p-CL-Pa Ph 53 81:18
1 2 p-Be-Ph P 40 80:20
Reaction ! 3 p-COMe-Ph Fh 0 7921
e ————— : ; 1 4 p-FiC-Pa Ph 44 T s
Scheme 33, Generation of -Bunyrolactones by Burstein and ! n1-E-Ph Ph e} 7822
Glorius and Bode and Co-workers ! § m-C1-Ph Ph 61 79:21
o R o O 1 7 m-Br-Pl Ph 60 79:21
. base, 7 !
U e solvent, M A ;
j’ AN s [ I (< v | Table 16, Resulrs of Bede and Co-worlers: S mol 25 19d, 7 mel
- R* 32-87% P 5\ P 1| % DBU, THE-BuOH (10:1), 3~15 b
i o R R? K R i - =1 ; i ot
148 4 e C is-149 frans-143 o it e L et Ol s
mes—No s N-ptes ot P »-Bi-Fh 79 41
1 2¢ Fh -CO:Me-Ph 87 5:3
194 ! 3 »-MeO-Pi  p-Br-Ph 76 41
! Eid p-MeOF:  Ph £5 4:1
Expected byproduct ' o TIPSC=C  pLO,Me-Ph 41 31
1 & TIPSC=C  TIPSC=CCH=CH 83 33
R'CHO ; 7* L-napleby!  l-paphebyi-CH=CH 67 51
1
¥ ! * Conceatratton = 0.1 M. * Performed with 15 mol %5 19d. 14 mol
a7 CHO ' % DBU. * The enal was added over aperiod 0f 3 b
1
o : Bode: 2eq of aldehyde was used.
target | : (Benzoin product of the excess aldehyde
& o 5 8 ; was obtained)
A, om NG N PN Glorius: 1eq of aldehyde was used.
% Pl N £ .
e 8 " OH R’ |
R R i :
. - o o : Posturated mechanism
1 i T | ' | " = = TS
e PG N AR e A ey L " oHo ! Scheme 34, Postulated Caralvrde Cvele for the
¢ o I 3 A
bood OH OH A* . Carbene-Catalyzed Formadon of -Butvrolactonss
Fil‘-' N hamobenzan crosshenzoin Stettar- ! b S e C 26
w2 products pronucts oragucts \ o o Mes Sy R Q:-J'ie&,
' ; i o« M R
Scheme 2. Expected products of the organccatalyzed resction of 2n a3 ! //EI RS ',;\ Nj> Bl b ;\;
unsaturated aldehyde with another aldehyde ' A JN A ,N"j‘
' i o S Med Mes \'-\
) ! 148 7 150 Wy NOH Mes
Catalyst selection ! / 2w
) ) L
1 ! ,L;:‘
! Mes 'N'Q"N' Mes MQ{N
" 1 H
Benzoin il ;
! 15d |9
1.2 product ! ) 1
(trace) 1 \ j "
! i :‘1\ & . / 4
i : r i
! R o] : 1 O ples
| Lo=00 R0 N
| o i 4 l <ﬁ. fes P 1fl P
/—:\ CI? : : 138 R . \;ﬁ'N:} o~ — Mesg o
N N E 1 i G i
=~ " 1 3
i = Desired y-butyrolactones | -
i = was obtained. | page 4
i
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3.1.1 Homoenolate addition to imine

Catalytic Synthesis of -Lactams via
Direct Annulations of Enals and

N-Sulfonylimines
Ming He and Jeffrey W. Bode’ Org. Lett 2005, 7, 3131
.(:.
8] Pg. o R k'.'
1 Ps i ' " }~' \, i
N TR S ’f"p""""'j"“i':h‘*’u . )_7""’7\1 £q
homoenolate R =

About protecting group of imine

cr

IMes-Cl Commercially available

+N-alkyl or N-aryl imine was unreactive.

(Only dimers of enal)

+N-phosphinoyl and N- tosyl was so reactive.
(Reacted directly with catalyst)

+Moderate electrophilicity is needed about imine.
They screened electron-rich N-sulfonyl imines.

o
g, 15 mol% i H
s 2, CHO N 10 mol% DBU NPy
-haph™ ¥ - i
MY A GO M fertBUOH  1-Mapn” )
B0 °C. 14 h Ar
2
I ? (2)
ﬁas ;/.,\O
y t
&g P
o 1-Nap” | __
Maog
T-Map
1 5 dimar P
Entry  Imine Cony. (a“ Vield 1%
TP OAN 1.1 L e i oo (RIS
X=H it}
(15) -
2 N 0 s
(91
3 X=0Me | 0
- 69
B (6%
9
!«!N’i‘c lahs =20
# { i (lrace)
P 80,7l
0.0
oSy _
3 I I 3 ¥
We W “L;”“% i5)
i i
13
¢ (23
El a3 &4
’ {4) {=10:1)
Q Oy 75
’ (4y (>10:13
73
- Nd
* (2)

! All reactions weare penermel with: 1 equiv of 2. [ equiv of inne. 13
mel % IMes-CL and {0 mol ®e DBU at 0.1 M i ree-BuOH at 60 °C
Ratie of remaining enal 1o lactam and’or lactone products as measured
5 of unpurified reaction muxtares. © Isolated vield
| chromatography ¢ Lactone homodmer. © Parformad

ﬂ:.q:,o 0, .0
Tot” N 1equiv IMes-Cl o0 HNT LN Tol
AT b + 4 1 equiv DBU < Lo
tNaph” = T H -
cO,00
2 3

4 complete conversion
oy 1 NMR

Substrate scope
Conditions
1 equiv of enal, 1 equiv of imine,
15 mol % IMes-Cl, and 10 mol % DBU
at 0.1 M in tert-BuOH at 60 °C for 14 h.
Ar = 4-MeOC6H4

o yield(%)/dr yield(%)/dr
A 0
w704 [ N-so.ar 62/ 5:1

BeTol er

Wi PR

g

69/31  ro. J)'..,.\.fN”S’J:-**' 70/ 3:2
, p-Tol

731 1.7:1 70/ 3.5:1

M-ST4

A
p-Tol

61/8:1 M A
Ph o

Electrondeficient aldehydes and

Electron-rich imines gave better result

65/ 3.5:1

His unpublished data(from SSOCJ Lectureship

Award presentation)

tBuOH, rt
10 mol% KOtBu

ooy ’9@
| &8y

ki Highly
SOAT enantioselective
S reaction is now
>10:1dr - gifficult.
41 %ee




3.2 Catalytic genaration of activated carboxylates

background

Esterification and amidation by using activation reagent(reliable method)
9 Activation i Nu- j)\
+ —_— —_—
RAOH Eagam R L L R Nu Problem
Activated carboxylate Stoichiometric use
' Activation O
! = DCC - etal
' reagent S. '
| - Cl”Cl :
9 Breslow indicated 2-Acetylthiazolium salts work as active acetate
)Krs (In the Thiamine chemistry)
[\\I\/?iR Breslow et al E. J. Am. Chem. Soc. 1960, 82, 2394-2395
A
R R

Concepts: Catalytic generation of activeted carboxylates by NHC catalyst,
Scheme 2. Reaction Pathways of Catalviically Generated

Scheme 1. Catalytic Generation of Activated Carboxylates via Activated Carboxylates
Internal Fedox Reactious
(]
Ty o R ox R oW R
P - O E .
E’ ,M""' H % ’}J"‘ S - ]—l 1% = 3 H - B a::‘ - Hl “
X H S N NUH O He R H h—
T — R i & T n
frternal RN i'? L i ii
R redox s A 5
. ¢ carbon- ond formatio 1 L aiotonator
¥ = reducible FG catalytically generated ]3 ; arbon-carbon bond formation | 1 i;fcr:zimm
(iee. C1, OR, alefin) activatad carboxylate S kb X
Rt HoODH H
:_ o 1 \ g ‘;:'_'N "
RS0 N
R
Olefine is used as reducible FG{__activared carboxilaiz
3.2.1 a.p-Unsaturated Aldehydes into Saturated Esters Scheme 2. Proposed Mechanism: to Genesare Homoenolate
COﬂVBrSiGn Of U;Jg'uﬂs aturated g UEquu‘:lieut-; from u;sf—Uummmled Aldelydes
Aldehydes into Saturated Esters: L . L N o
; ' mechanism | = i gl
An Umpolung Reactjon Catalyzed by A N AL
i 1 T Ma
Nucleophilic Carbenes ! T rcteaphiie | addiion
atack
Audrey Chan and Karl A Scheids® Of’g LEH., 2005, 7, 905 : B
Il E
Catalyst selection and additive effect A 7o
1 Voo S
catalyst ! . 7
R i i
:}: 3 \.\ tawtomerization
HyC 1 \
‘ : ! E oM,
Fog 1© : o 4 L B
HyG— h A ) |
= ; J bt
'f:N H : /\)J\ " %~ - /’ 4"‘"—’ ‘.1::’”““ m
ke ' Ph H —
£ A d
Table 1. Investigation of Homoenolate Reactivity® l ;;::1::[: it R SN e
o i Ie) : - . P smalfe C o] Qa
e ' catalyst P!  Sugresio of N L PR S S
P } . % in i 4 11 1ol P W * At
P - R=OH Sem S pn (2) | producing compound17 T S seusee s 17
DBU toluene ]
1 2-4 1‘ =ity ArOH tima () yield (a1 ol §  yieki (%) of 37
entry RO catalyst imol %! additives vield (%) : ! L 57 20
|
1 1011 A (30 mol %) AT )
2 PhOH A 130 mol %) B38| .
i 2 h i bl
3 BuOH B 110 mel 7ot PhidH 47 (4} | !
1 BniH C 20 mol % PhOTE 524y h
BnoOH C 15 mol %) PhOH 82¢45 |
i 0 63 0
* Reactions performed with a 1:1 molar ratio of catalyst to DBU atreflux | 7
temperature. " Performed with 5 equiv of nuclephulic aleohol @ Performed | * Deacuons perfanned 3t 0 T M at 100 'C with § equiv of eyclohasanol
with 2 equiv of proton additive | L o e T
. By increasing the size of the substituents, page 6

' production of phenyl ester can be suppressed completely.



3.2.2 a.p-Unsaturated Aldehydes into Saturated Esters
~Importance of base selection~

Catalytic Generation of Activated
Carboxylates from Enals: A
Product-Determining Role for the Base

Org. Lett., 2005, 7, 3873

Stephanie S. Sohn and Jsffrey W. Bode®

NHC catalyst selection

]
]
0
'
1
]
|
1
1
i
1
I
I
1
1
|
i

Scheme 3. Heterocyelic Precatalvsts for the Catalytic
Generatien of Activated Carboxviates from Cinnamaldehyde

A mol® Gat

IO 2% mal% DIFEA o
; : ¢ mals I
- Va +  ECH T
Ph \x’ H 1 Fj >y F
1t M THE o OEt
1 2 3
s M
b Me Mg el - - K
bd Y= 0 M-y
Mo S N. s Mes N MNopag i
B T Mes? S o MES 7 gopn x=0
cr SOy 8 R = 4-MeOCgH,. X=Cl
= 25, X=
'3 5 8 9a B = Mes BFas

9b A =Mes, X =Cl

Tabie 1. Catalysts and Conditions for Redox Estertfication®

Base selection

Table 3. Effect of the Amine Base of Catalvtic Esterificarions®
o) X mol®s 9b o]
i i 5 10 moi%s Base
PN EOH ——————— P e
Ph” " ph
A H 1M THF, 60 °C & Ot
X KL of conjugate acid  relative yield
entry  umol ) hase in THF! %P
1 5 NEt, 12.8 a9
2 5 DRIPEA ~13 99
3 5 GBU 16.8 15
4 5 P2-t-Bu 20.9 =H
5 5 KOtBu 29.4¢ >5
6 20 KtBu 75
7 20 DIPEA a4

' Reaction condisions: X mol % of 9b. 10 mel % of base. 0.2 mmol of
enpl, { M THE. 3 equiv of ROH. 60 °C, 13 h. » Reladve yield of ester to
starting material and other products, as determined by 'H NMR or GC
analysis of unpuried reaction maxtures. < In DMSQ.

+ A clear correlation between the success of the reaction
and the pKa of the conjugate acid emerged
+ Excess triazolium salt gave good result.

activated carbaxylate

catalyst temp conversion® wield® >Triazolium salt itself may serve
entry imol % i°C) (%) %) as the catalytic proton shuttle
1 4410 40 15 Mechanism
2 4101 40 trace = 5 TG )
q 515 a0 80 50 Scheme 5. Postulated Catalytic Cyele for Catalvtic Redox
U ) ) : Esienifications of Enals
4 71100 40 trace G
5 §110) 40 a8 : o 0" s
8 fu (10) 40 99 _ . S e TR 'L,‘H_‘r{_"”
7 9a 15 40 90 89 ! \ Ph TN
8 Ba () 50 499 36 . Mos M1
9 fa (2} 8 a5 60 3 /;\‘1-{ N g
] ¢ N P
M-
' LA DIPEA-HT ~
W ; ; ] I L ooieea \
+ Thiazolium salt is not effective. : E10H -u--:u%\ /
5 MEOO aes H OH Mes
: 0 ,,j. N , r""\.,‘-:“\.‘;;N:‘
+ /N\+ /Nx+ i o i PR™ ™ % N ._,P'L----" f\;._f.-N
N—Ph N-Mes ! Ph " aE s
N ~\// N \_// i N N
Cr BF4 ' Effect of catalytic base to rusulting product.
Not effective best catalyst | Scheme 4.  Effect of Catalytic Base on the Fate of
' Catalstically Generated Homoenolate Equivalents
entry4 entry 6 ! S L.
: 'Q....Q
i |/\2:- [
; Ph 35
1
' .
! Pr 3 equiv EXOH H C
| 1 11 THF, 40 °C
] ! - S i N T
: w/15mol % DIPEA ' " ; R
Other example
Reductive FG :epoxide Reductive FG :a-harogen
conversion:p-hydroxyester from a,p-epoxyaldehyde ' conversion:ester from a-haroaldehyde
Scheme | 1 N o =
10 mol % 1 ¢ ; _dequiv BoO) An )
/CO M 8 mol % DIPEA 1 ' Ph” H | equiv ELN P G8n
R ! H % OB —memeeewes BT YT COR ] toliene. 25°C. 4 h
a2 %°C.3-15h e i
) " ' OH Me  Me
OH O 1 Ma il i @
I , Bn ' \ N N N N
R! vl A"‘-‘:'rN_ : P, @A “,» 7=N\ @ f""f? \:f Q\QG‘ “1‘(\ P s
T S—Me | NS © =N Nopn  MeTN=l oF A e
R 5.7 ' Gl A Mz b
{ i A B d {
Me 1 ! 774 vield RO vield Lrace
1
I
1

Bode et al. /. Am. Chem. Scc. 2004, 126, 8126-8127

Rovis et al. J. Am. Chem. Soc. 2004, 126, 9518
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3.3 C-C bond formation via enol or enolate

Scheme 1.

Proposed NHC-Mediated Enclate Generation

=
n
ey E
' N Qi "
b 0 R
R ot : A S N
" ~ JRLE .2 S H W I Y %
e X
fi 1. B-lactone formation
anal | Brasiow intermadiale it homoenalaie oguivaient

| |proton ransler
¥

H+ or

O
R)LR'

-‘J' HoOH R C-C bond formation 2. Azadiene Diels-Alder
RV o E"“‘-..;-‘;‘)""-\-V--.“L
s 7w 0.0
N-E NI
iy , Ar” |N
iv enclale il ane
HV\Ph

3.3.1 B-lactone forming reaction

Glorius work  Synthesis 2006, No. 14, 2418 (related work :Angew. Chem. Int. Ed. 2004, 43, 6205)

Scheme 55. Conditions for the Generation of
y-Bunrolactones from Kerones by Glorius and Co-workers

Scheme 36. Svnthesis of f-Lactones by Glorius and
Co-workers

5mol% 19d 185 O o] o 5mot 19d ELN. @ o}
. 5 orise DBU. . I . M 3 A = ]
RL - . ¥ THE. 2 (T R 0 ‘ ¢ o . -~ | i EL A 1‘,,_,,;,
. PR pt LD ; 1 R’ S 4 (R
B = Bl 148 153 [ CF R! Rt
148 153 154 154° Mes~ MM pes (5 R1-159 (8.5)-159
Table 17, Generadon of y-Bunrolactones from Ketones by fod
Glorius and Co-workers Table 18, Substrate Scope for the Synthesis of f-Lactones by
eniry R! R R precat.  yield (%2) dz Glorius and Co-workers
¥ Ph H CF; 19d 84 6534 R R - yield (%) dr
ki Ph H CF (33136 70 7426 ; = :
3 mMeOPE H OCE 19 91 6634 e £Es e 2040
#  mMeNPr H CE 19d 403 Pr CFs £ 3543
5 P H COMe 19d 55 384 -Pr CF; 48 62:38
6 Ph H COMe 19d 78 30:30 Ph CE; 30 70:30
1 m-MeO-Fh H CO:Me 19d 94 7:53 i-Pr CO:Me ! 298 71:29
-Ma.N-PLh E L0 92 o8 3 " ’ i
_g '\:Ii e =l 3 L}) & ioﬂ g 3 g_:g * Reaction was performed with 10 mol %5 19d and 10 mol % DBU.
1 Pr H C(F 19d a0 34:16
11 i-Pr H CF 194 86 037 Tant
12 Me H COAMe 19d 87 68:32 Differnce y-lactones -lactones
13 Pr H CO:Me 19d 71 67:33 NHC Catalyst B
* General renction conditions: 3 mol ®¢ DBU, THF. m. 16 k — KOtBu i
* Reaction conditions: 10 mol % KOr-Bu, THF. 11, 16 L © Reacton N N Base or DBU NEt3(|eSS baSIC)
conditions: 5 mol % DBU, THF, 60 “C. 16 h. ¥ Reaction conditions: - .
5 mol % DBU, DMF, 75 °C, 16 & ) Mes ™\~ Mes
19d Cl solvent THF toluene
temperature| rt 60 °C
Mechanism
2 @ Ies OH  Mas OF Mas
a~ *-\,JL'?-‘ - q‘/‘.&;\/:’-\ vi‘vrd:, o 9‘4‘@/1%(1 '\ g NN
4 ’{J-J/ }"i-\.."f'd
3 Mss ETVES 18

+ Weak base promote proton transfer
=> pB-lactones

proton
transfer

+ Addition to ketone of homoenolate
—> v-lactones

page 8



3.3.2 Highly Enantioselective Azadiene Diels-Alder Reactions

'} | \ |( e
Pubished on Web 03002003

Highly Enantioselsctive Azadiene Diels—Alder Reactions Catalyzed by Chiral
N-Heterocyclic Carbenes

Ming He, Justin R. Struble. and Jefirey W. Bode

J. AM. CHEM. SOC. 2006, 128, 8418

His focus was extending the mechanistic pathways available
the formation of a catalyst-bound enol
or enolate poised for carbon-carbon bond formation
-First example :NHC-catalyzed
generation of a highly reactive dienophile that participates in
LUMOdiene-controlled Diels-Alder cyclizations

Investigation of conditions

Tabie 1. Development and Oplimization of NHC- C talyzed
Azacgiene Diels—Alder Reacticns (Ar = MeQC:H,

{Z)-enclate formation

I
I
'
i
I
500 X L&) ?,-m,/ ‘r
CCHE - by Av :
1 Squivi h & 1
i
1
Ar Mus ] o
(= oM i . % .
Mes a0 iy o Yo ! Figure 1. Stereochemical model for
“R \ : endo-Diels-Alder cycloaddition
W 5 o : ¢ i
5 8 7 8 Ar = GgH,OMs 5 5
eniry  cal. % conditions 34 % conw.® ! o)
1 10 mol % of DBU. 0.1 M THF > 101 ! : Fom--s _ _ _ )
2 10 mol % of DIPEA. 4 BF - 101 | ! HJ\/\'\H/FQ: Electrowithdrawing group is essential
3 10 mol % of DBU, 0.1 M TEE nE I I ! rate scope
1 10 mol % of DBU 01 M TEF 18 47 : ; : (from substrat pe)
5 10mol % of DBU, 0.1 M E:O4 15 38 ! 0 !
5} 0 mol % of DBU, 0.1 MM toluene 1 M 1
2 . | A supposable reason 1
7 0 mol % of DIPEA, 0.1 M toluene 1220 44 ! ) .
8 10mel % of DIPEA. 23 h 1:20¢ 63 1‘ [tautomeric form shown below is essential]
0035 M 10:1 toluene: THF : o o
9 §5(10) 10mol% of DIPEA. 23k pr : OH _ Mes . E~‘§_ o 1 4«*;'7_
0.05 M 16:1 toluene THF : : N o O --"E;N”r-’
19 9¢10) 10 mol% of DIPEA, 231 1207 90% vield® | M"i:! o Y
0.05 M 10:1 joluens THF 00 5% e } { ) P
' 3 ool
* Praduct ratios and diastereoselectvities defernuned by *H NMR analysis i P
of wpunified reaction muxtus "‘ht;e of lactam products relabve 1w ing ! <Test reaction
tmine ¢ Lactam 3 was not a.eled.e*i I Yield of isolated preduct. DIPEA = \ P -
NN-dsisopropylethylamine ; j\ L 15 st DiFEA_si0s., JL_J
- T-/\ph W ph 101 ToTHE 1 t f {2y
Substrate scope ! & o T = Np
H RE R R 7 i1 0 st o 14
. ?-—S»:D . 9 10 ol 9|=' OIPEA, : ]
e # Pt JROR PR ' [reaction proceeded. ) )
oo~ e b 52-00% : supposable reason1 is not so important
W - el (%) '|  + supposable reason 2
- S i|  [Only increase electrophilicity of enal]
; t a0 ! -
§§ g%t an | When less electrophilic enals are employed,
p-MeO-Ph OF1 21 | the NHC catalyst reacts preferentially
p-Me(CQ}-Ph QFt 33 ! with the electrophilic imine.
2-fwvl QFEt 71 :
n-Pr QFEt 58 |
Ph Ot-Bu 7 :
Ph Me 51 |
n-Pr Me 71 )
p-MeO-Ph Pk 52 :
Mechanism
Scheme 2. Postulated Catalytic Cycle !
BI040 es <y Ny L i <Related work>
] oy Mo e . .
lx'L.dﬁ!“J:M = N '”_\;”5 il b1 E Chiral N-Heterocyclic Carbene Catalyzed, Enantioselective
- Pl w ot | Oxodiene Diels-Alder Reactions with Low Catalyst Loadings
e “/ P e ' Ming He, Gerson J. Uc, and Jeffrey W. Bode*
/ Diols-Alfer N ! J. AM. CHEM. SOC. 2006, 128, 15088
> ' " ﬂrs
{V‘{i“ 3
' H 1
Sy i O o]
I’,‘n-'; : J\ e 2 )4 L
) b P ! no y RYTORTFTR
"x\ ue adation -4\\ H* ransfer “f‘ ; Gt
0, -\4 3 B 4 ; o )
e oadie K Pl e e O s I Similar reaction system.
' O Sy H, ' : (To trap HCI, 1.5 eq of Et3N is used)
T . !
o ¢ | page 9
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3.4 Cyclopentene-forming reaction(Benzoin oxi-Cope reaction)

N-Heterocyclic Carbene-Catalyzed Reaction of Chalcones and Enals via
Homoenolate: an Efficient Synthesis of 1,3,4-Trisubstituted Cyclopentenes

Viay Nair 't Sreekumar Vellalath. ! Manojkumar Poonoth T and Eringathod! Suresh=
J. AM. CHEM. SOC. 2006, 128, 8736-8737
Nair's work(racemi)
Substrate
Cinnamaldehyde and chalcone

only

Q O i
P .~ |Trans
H t G v
A 1z
iy R R R? omdutt  yisidi%)

1t 2MPF -thienvl 41 38
2 vl l-naphthyl 4ir 76
3 4.hIPP lthienyl 4d 85
4 4WPP dcvanophemyd 4e 75
3 4nPP 1 4 58
§  phenyl iz 78
T 4MPY d-fuerophenyl +h 78
3§ 4.MPY d-chloropheny] H 76
48P 2-thienyl 4 84
10 4-MPE . 2-faryl ephenyl 4k 70
11 4MPP methy 4-chlerophenvl 4 55
12 methvl  2-thieny] 4-chlorophenyl 4in 73

“Isolated yield * BIP = methoxy phenyl

Scheme 3. Postulated Caialylic Cycle Invelving NHC
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| Enantioselective, Cyclopentene-Forming Annulations via NHC-Catalyzed
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Benzoin-Oxy-Cope Reactions
Pei-Chen Chiang. Juthanat Kaegbamrung, and Jeffrey W Bode®
J. AM. CHEM. SOC. 2007, 129, 3520-3521
Bode's work(asymmetric)
Substrate
Cinnamaldehyde and 4-oxoenone

R {l

—

i h\
ML A~z | Cig

¥

ru‘,;.-oz.r;"*‘-‘:-/l -t

15 ot % DY
CICH,CH,CL 0-23°C, 401

sty R R o yield? Gixifrans® Y et

1 Pk Ph 78 1l 30 (68
3¢ Ph p-Me0CsH, 38 51 46 (B
3 Pk p-BrCsHs 50 11:1 9a (79

4 Pk 2-farvl 23 =20:1 28
5 p-BrCsHy Pk 58 6:1 42 (677
§ p-CECsH: Ph 68 4:1 93 (67¢
7 2-furvl Ph 53 5:1 99 (3
g n-Fr Pk 23 14:1 85 (32§

a asin pBrCyHy )
P . L | R ﬂi—u E R +  os-15
P e pgy g B, e B Aoty . 2
chalcone {1 0} el -
55% ve
Scheme 1. Cyclopanienes via NEC-Catalyzed Oxy-Cope RAR
ey
Q N N
SR _,-ux v MedxC T Fr M \:'/ i
" A T reviaraible, o1 ‘arﬂt
2 3 @ beizoin 1 ¢

NHC-cat,

LIy f
Oxy-Cope WMalyO

Fj"‘-. r
bt LS & tautomenizanon dnd
of %) ramoiecuiar aiocs
" o .
O O N et e Ph
" e} - + ap aAEn "ol
T P i e A e ) b
$a0, 0~ e L - a0 e PR
MaQ,C “Bh }r;l ~H dacarboryahion MaD, L™ ™
6 Moy 7
Proposed mechanism
Nair Bode

Conjugate addition of homoenolate to enone

'~ tautomerization and intramolecular aldol

lactonization and decarboxylation

cyclopentenes

Benzoin-Oxy Cope reactions
o

pagel10



<Explanation by Bode(2007)>

Control experiments to explain

Oxy-cope reaction

Scheme 1. Cyclopentenes

i ol . MEOL. e Pn

P Pl

9 majer prosuct

P ) {12 nol
dutacted).

s . i '—"--:v.
decarbarylaton  MEQALT T

=‘h N N
6 Mes ' 7

(a) Benzoin type reaction can take place reversibly.

(b)12 can be obtained.

(c) (+ EtOH standard conditions)12 was not detected.
>>Tautomerization and aldol reaction is fast
compared to nucleophilic addition of EtOH.

About result of (b)
If oxy-Cope reaction doesn't take place,
retro benzoin followed by catalytic homoenolate

Explanation for different diastereoselectivity
to different substrate

Pl

ol
g\

N (e L EY

| Boat oxy-Cepe TS aleis?

Rl

addition is mechanism.
But from (c), 12 was not detected. So, oxy-Cope
reaction should take place.

<Result by Nair(2008)> Chem. Commun., 2008, 747

h‘P‘i
CHO ?\iG
3 P
6 mod %
"’”’
BT T
'; rt 8 b, B

This result cannot be explained
by the explanation of Bode.

:>

. ! e Conclusion
B Chair oay-Cops T3 Bode Nair
cr cr
s-cis fixed enone
. z‘h\m‘ ”'N \NfMeS MES\-N N’Mes
(e} 10 Mo %1 F +
s . i . 15 mal ° cm:.; PhF"’*-\\_,'f! 4 —r\i Neeszf
Ph " H Ph L.],(-H ‘_'w; H 7 O
45 yiakd i
L ' =201 ;r {:‘;“.-: ga}
:> Reactlye con;orm?tltpn oftthe er;one. ; Two catalysts show
determined the relative stereochemistry different reaction pathways
of the annulation products
<related work> ) 2
Enantioselective, NHC-Catalyzed Bicyclo-a-Lactam Formation via Direct
Annulations of Enals and Unsaturated N-Sulfonyl Ketimines
Ming He and Jeffrey W. Bode A S8 Mes J. AM. CHEM. SOC. 2008, 130, 418
! SN+
NN a Osh
S0 Y i ' S o
T )\ o1
i Ji, P 10 mol %
U T mm ; R’ -J\ >10:1 dr
1.4 equiv 1.0 equiv 01? ;EDEEFOEE'.}' up to 99% ee Dage1 1

15 hr




4. Summary

O }(:*\
4
l Weak base
is efﬂment Et3N DIPEA) B
(@]
R - R Proton R b /bj\,/ R
/\/l\ﬁrl] ,L\J transfer R ,f}l R i/wx
/ / N N‘-—.,//
R’
acyl anion late activated
Y . homoenolate enola ExtEaRye
34 =5 3.1 E* 3.3 E* 22 R'OH
Benzoin reactions Homoenolate Enolate C-C bond Esterification
IStetter reactions additions formation
Ph 7 0
O
E} 0 Q 2006 Ph/\/lkOEt
2007 2004 CF
Ph O Ph 3 2005
COOMe ar Q
0
@] Ph
& HERsr 2 enantioselective
ArOZS“N reaction
2006 O 2005 2006
Ph” S
Ph Ph
N Q ‘(\O
= N
N= % ="t
Mes~ N N - N Cr N-Mes
s gt es Mes— N N N g
cr Mes or )
| cl
N Enantioselective
O” Fi-Mas P i-tles reaction
N oo v
________ Mo O
R, R3 R2 Ry Rz
Utility = =N =

as organocatalyst RFNKN“&

Homoenolate Best catalyst _
Chemistry of homoenolate Widely used Not _
(Conjugate umpolung)| additions Effective
Benzoin and Scarce[y
Stetter used ‘ Widely used Widely used
(Umpolung)
Few highly enantioselective Widely used to various Used to Benzoin
reactions are reported. reactions and Stetter reaction
Asymmetric |
Version | /Almost is

C-2 symmetric catalyst.
| Now another type of
‘ asymmetric catalyst
is needed and developed.
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