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_0 Introduction

The dimerization of aldehydes to form benzoins (Scheme 1) is one of the oldest known organic reactions,
first reported in 1832 by Liebig.1 The original cyanide catalyzed benzoin reaction was long appreciated for its
simplicity and mechanistic intricacies but offered few useful synthetic applications.2 The discovery by Ukai® in
1943 that the essential co-factor thiamine, or vitamin B1, catalyzes the benzoin reaction provided a key clue to
understanding a broad range of thiamine-dependent enzymes and reinvigorate interest in this class of reactions.”
The use of ylides derived from thiamine, which are now classified as N-heterocyclic carbenes,’ led to both new
reactions, such as the Stetter addition of aldehydes to electron-deficient olefins,® and new catalysts types inspired
by the chemistry of the thiazolium salt at the heart of thiamine.” Key to the success of thiamine and its relative
is the catalytic generation of an acyl anion equivalent‘8 Typical procedures for the preparation of this reactive
species would require harsh conditions and intricate protecting group strategies. With thiamine catalysis, this

reactive species can be generated under aqueous and nearly neutral conditions.

HO CHs
N
o ~CN or thiamine o \/§_<CH3 ) \\(
2 X )]\ —_— Ph)K(Ph : =, - N
Ph” H : SN
OH Y Y NH,
‘ thiamine

Scheme 1. Benzoin reaction with benzaldehydes.

By the year 2003, modern, enantioselective versions of the benzoin and certain Stetter reactions had
emerged, driven by the design and preparation of new chiral azolium salts. Pioneering work by Knight and
Leeper,9 Enders,'” and Rovis'' had converged on the use of chiral, bicyclic triazolium salts as the ideal
platform for N-heterocyclic carbene catalysts capable of inducing highly enantioselective reactions including
intermolecular homo-benzoin reactions,'? intramolecular Stetter reactions,'® and intramolecular aldehyde—
ketone crossed benzoin reactions.'* These methods are now well established and widely employed for the

enantioselective synthesis of complex molecules including bioactive natural products.'®
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_e NHC-Catalyzed Reactions of o-Functionalized Aldehydes

In late 2003, then at the University of California—Santa Barbara, we initiated a research program aimed at
employing N-heterocyclic carbenes as catalysts for the formation of other reactive species. We recognized the
combination of an N-heterocyclic carbene catalysts with an o-functionalized aldehyde, such as an o,3-unsaturated
aldehyde or an o-halo aldehyde, could result in the generation of reactive species including homoenolate

equivalents, enolate equivalents, and acyl azoliums, which serve as activated carboxylates (Scheme 2).

O N =N N
=N =N, Base =N
R1&\)kH peNN-ge = e NNogs = RZ/N\(NiRs
carbene ylide H
OH R2 OH R2 OH R2 H O Rg? H O Rg?
1 1 — 1 1 + 1
R1WN/> <—>R1/V\WN/> <—>R1/\/\WN/ —»R“)\%\WN)L R1)\)kWN/>
N-N N-N N-N N-N N-N
+ <+ <+ <+
R3 R3 R3 R3 R3
Breslow intermediate acyl anion homoenolate enolate activated carboxylate
Scheme 2. Reactive species generation from o,-unsaturated aldehyde with N-heterocyclic carbene.

Within two years of our initial studies, we had developed catalysts and conditions that allowed for
the selective formation of each of these reactive intermediates, making possible an entirely new class of
catalytic reactions. Key to the success of this research program, and the vast number of new enantioselective
transformations that it has enabled, was our recognition that N-mesityl substituted triazolium salts are critical for
high reactivity and selectivity in N-heterocyclic carbene catalyzed reactions of a-functionalized aldehydes. Our
initial studies, completed in 2005, identified achiral N-mesityl substituted catalyst A as the minimal structure
required for the generation of these reactive intermediates under mild conditions.'® In the following year, we

disclosed chiral N-mesityl substituted triazolium salts B and ent-B."7

—N HsC B P N=n HeC B 9¥N HsC _
I Cl N N’ Cl N \N+ cl
N N 7 R
" CHs Heo CHa Heo CHs

C

cat. A cat. B cat. ent-B

Chart 1. Achiral N-mesityl substituted catalyst A, chiral catalysts B and ent-B.

By developing an efficient synthetic route to incorporate the essential N-mesityl substitution, we are able to
produce B on a preparative scale at modest cost. This catalyst promotes a large number of highly enantioselective
transformations, otherwise not effected via other chiral azolium salts lacking an N-mesityl or related substitutent.

These reactions and their scope are highlighted in the review below (Scheme 3).
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Scheme 3. Reactions promoted by chiral catalysts B and ent-B.

_@ Catalyst Synthesis and Counterion Effects

Our catalyst design borrows its chiral elements on the outstanding work of Knight and Leeper,9 who
first reported chiral triazolium salts derived from 1,2-amino alcohols, and of Rovis,!! who first employed the
readily available 1,2-aminoindanol for chiral azolium salts. In both cases, high quality N-mesityl-hydrazine
hydrochloride is needed. While this is commercially available the cost is prohibitive for large scale syntheses.
We have therefore devised a reliable procedure for the large scale preparation of this hydrazine salt from the
corresponding aniline. Although yields are not high (36—40% yield), it can be execute on a 1 mol scale with

inexpensive starting materials and without the need for chromatography or distillation.

Me3zO" BF,;~

0
CHoCly; 3 _B_
c>:° NaHCOs, (sat.) < OMe
I o M
HCI (cat.) _>=NH N
1 MeOR, 60 °C “INH H‘NOMe
3 Cl-
HCI, NaNO, Me Me

_SnClr2H0 NHNH l'?:?,gE})fb'?g |
-5 °C St cl- ’
Me Me
(0] Me
Oy
N N
Me

Me

Scheme 4. Synthesis of chiral triazolium catalyst ent-B.
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The preparation of the chiral catalysts begins by following the work of Rovis, who has prepared

aminoindanol derived triazoliums bearing different aromatic substituents.'® Lactam 1 is converted to the imidate

2 with trimethyloxonium tetrafluoroborate and condensation with N-mesityl hydrazine affords 3 (Scheme 4). The

most challenging step is the final ring closing, which fails or gives low yields under the previously developed

conditions. Our modified procedures uses lower temperatures and HCI or HCI1O,4 to promote the ring closure. The

resulting chloride or perchlorate salts are readily isolated and stored.'®

In all cases examined to date, the counterion plays no role in the reaction outcome. Thus catalysts of type A

or B bearing chloride, perchlorate or tetrafluoroborate counterions give identical yields and enantioselectivities

provided that at least a catalytic amount of base is used in the reactions (Scheme 5)." The only discernable

difference is that the chloride catalysts are somewhat more hydroscopic but this does not generally affect the

reaction outcome.

% N'SozAr cat. (10 mol %)

10:1 toluene/THF
Ar = p-CgHs0Me r, 23 h

o o cat. (10 mol %)

0.1 M CICH,CH.CI
0°C—ort

+ —_—
EtOZCMH Ph/V‘\H DIPEA (10 mol %)

+ —_——————
phMH MeOQC/\)J\Ph DBU (15 mol %)

o N-SOAT ot (10 mol %)
‘ —_—
Ph/\)ﬁ, Ph/\)\ Ph DBU (15 mol %)
0.1 M EtOAc
Ar = p-CgHs0Me r,15h

Scheme 5. In the presence of bases, there is no significant effect of the azolium counterions. (DIPEA = N,N-
diisopropylethylamine, DBU = 1,8-diazabiyclo-[5.4.0]lundec-7-ene)

[0}

EtO,Cc~ @/SOZAF
P N

with cat. BeCl: ~ 90%, >50:1 dr, >99% ee
with cat. BeClOg4: 76%, >50:1 dr, >99% ee

Ph

P’ CO,Me

with cat. BeCl:  78%, 11:1 dr, 99% ee
with cat. BeClOg4: 85%, 7:1dr, 99% ee

O, ,SO.Ar
N

Ph

Ph

Ph

with cat. BsCl:  80%, 99% ee
with cat. BeClOg4: 84%, 99% ee

_Q Hetero-Diels Alder Reactions

The catalytic generation of ester enolate equivalents under mild, simple conditions that allow for

enantioselective reactions has been a long held goal of synthetic organic chemistry. In 2006, we disclosed the use

of N-mesityl substituted triazolium salts for the catalytic generation of ester enolate equivalents from a-halo- and

o,B-unsaturated aldehydes.
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Scheme 6. Diels-Alder reactions of a-chloroaldehydes with oxodienes.

Racemic o-halo aldehydes undergo highly enantioselective annulations with electron deficient oxo-
dienes under remarkably mild and simple reaction conditions (Scheme 6).%° Due to the high reactivity of these
substrates, only 0.5 mol% of chiral triazolium salt B is needed for excellent yields and enantio-selectivities. The
racemic o-halo aldehydes undergo epimerization in the reaction conditions rending this reaction an enantio-
convergent process. The scope of this process is outstanding, with either aromatic or aliphatic substuents

tolerated by both reaction partners.

The o-halo aldehyde starting materials are readily prepared in a single step from the corresponding
aldehydes. They have, however, limited shelf life. We have therefore developed conditions for isolating
and storing them as their bisulfite adducts and developed biphasic reaction conditions for the use of these
convenient starting materials directly in the enantioselective annulation reactions (Scheme 7).2! Similarly
high yields, enantioselectivities, and substrate scope are observed even under aqueous conditions. Importantly,
this procedure works well with the commercially available bisulfite adduct of chloroacetaldehyde, making
possible enantioselective acetate additions without the need to prepare the toxic and potentially explosive

a~chloroaldehyde.

o
o cat. B (1 mol %) R!
R! ) o o
N soNa RZ/\)KRS 1.0 M KoCOj (3.2 equiv) L
(¢] toluene R2" RS
1n,2.524 h 52-98% yield
73-99% ee
o} o]
EtO,C"" Ph EtO,C" p-CeHsOMe EtO,C" )\p-CeH5Me Et0,C"
84% 90% 74% 80%
90% ee 99% ee 99% ee >99% ee
o
d e d e d (3 6
EtO,C" Ph Et0,C" EtO,C" Ph p-MeCgHs' Ph n-P )\Ph
98% 59% 74% 73% 78%
99% ee >99% ee >99% ee >99% ee >99% ee
Scheme 7. Diels-Alder reactions with o-chloroaldehyde bisulfite salts.
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The identical reactive intermediates can be generated from o, 3-unsaturated aldehydes and we have recently
reported a method for highly enantioselective annulations from both aromatic and aliphatic substituted enals
(Scheme 8).2? Under these conditions, high catalysts loadings are needed due to the fact that only a trace amount
of the active carbene catalysts is generated by the weak bases. This procedure also expands the scope of the
annulations to include o-hydroxy- and a-aminoenones that give products bearing valuable synthetic handles
for further transformations. Scheidt has also applied these chiral catalysts to an intra-molecular variant of this

reaction.”’

0o
o cat. ent-B (10 mol %) R o
—_————
R‘/\)k Rz’\)J\ base (15 mol %)
CH,Cly pe” N ORe
40°C,18-24h 49 98% yield
94-99% ee
o
p—MeOCGH5 n-Pr (0]
EO,C EI0,C EtOQC NHCbz EI0,C7 NHCbz
Me Me Me Me Me Me ME Me
93% (W/NMM) 92% (W/NMM) 98% (W/DMAP) 80% (W/DMAP)
99% ee 99% ee 99% ee 99% ee
o o o
EtO,C Me Et0,C7 > “pCeHsOMe  oHx” 7 “COEt PrT N C0,Et
88% (w/DIPEA) 62% (W/NMM) 79% (W/NMM) 91% (W/NMM)
99% ee 99% ee 98% ee 96% ee
Scheme 8. Diels-Alder reactions with o,B-unsaturated aldehydes. (NMM = N-methylmorpholine, DMAP =
4-(dimethylamino)pyridine)

The heterodiene can also be extended to nitrogen analogues using either o-chloroaldehydes or commercially
available electron-deficient enals as the enolate precursors (Scheme 9).'7 This procedure affords cis-disubstituted

dihydropyridinones in good yields and with outstanding enantioselectivities.

(@]
o SOLAr
o2 cat. B (10 mol % _SO,A
R‘oc/\)LH + | _cat BAOMOIT) - SOAT
RQ/\/kH DIPEA (10 mol %) L
Ar = 5-CeH-OM 10:1 toluene/THF R2"
1= p-LensoMe r,23-48 h 55-90% yield
98-99% ee
i i SOLA i i
o, _SOLAr o, -S0Ar " A ,
EtO,C é\j EtO,C ij\l EtO,c” " d\rsog r Et0,C” " N,SOgAr
N g WONF R .
Ph P MeOC6H581 ©“ p-AcCeHs" =
90% % 0 71% 55%
99% ee 99% ee 99% ee 99% ee
(0] (0] o (0]
LBu0,C” ij\rsozm Meos” " @rsozm Moo é\rsogAr oG d\l,sozm
PR P PR N p-MeOCHs ™F
70% 51% 71% 52%
97% ee 99% ee 98% ee 99% ee
Scheme 9. Azadiene Diels-Alder reactions using o,-unsaturated aldehydes.
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Recently, several other groups have used our catalyst and conditions for even more complex hetero-Diels-

Alder reactions. An excellent example is that of Kobayashi and coworkers, who reported the formation of amine-

substituted products by reactions of o-haloaldehydes and vinylogous amides (Scheme 10).%*

(0] Me 0.0
Me cat. ent-B-BF4 (5 mol %) U
10, NHR?2 " Et;N (10 equiv) . R'O,C " ""Me
CI EtOAc/CCly NHR2
rt, 50~160 h
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 40-80% ...
Mefjo Me.__0O._O Me.__0O._.O
Et0,C7 Y “Me Et0,C” Y “Me EtO,C” Y “Me
NHAc NHCbz NHBoc
40% 65% 65%
5:1dr 5:1dr 7:1dr
Mefjo Me.__0O._O Me.__0O._O
MeOC” " “Me MeO,C “Me MeO,C “Me
NHAc NHCbz NHBoc
62% 80% 70%
4:1 dr 12:1dr 9:1 dr
97% ee 98% ee 98% ee
Scheme 10. Azadiene Diels-Alder reactions using o,3-unsaturated aldehydes.

_@ Catalytic Generation of Homoenolate Equivalents

The nature of the azolium catalyst employed in the annulation reactions plays an important role in the type
of reactive intermediate generated. o,-Unsaturated aldehydes can access either the homoenolate or enolate
pathways. In general, the enolate pathway is favored by the use of weak bases (DMAP or NMM) and triazolium
catalysts, while stronger bases (DBU) and imidazolium-derived N-heterocyclic carbenes prefer the homoenolate
equivalent route. Reactions that proceed via the homoenolate pathway generate five-membered ring products
such as y-lactams, y-lactones, or cyclopentane derivatives. For example, the same substrates shown in Scheme 11

give either y-lactams or dihydropyridinones depending on the catalyst type.!’

//\, c o]
Mes CN\/N Mes OH  Mes SOA
9 - r
(cat. €, 10 mol %) EtO\”/\ )\( N-SO2
DBU (10 mol %) ‘J
o 0.1 M THF EtO,C on
EtO A : 36% conv.
NH homoenolate equivalent 10:1 lactam:DA product
O p—
+
N,SOZAr o]
Ph/\/H\H (10 o % M Q Eto """ N SOAT
DIPEA (10 mol %) N=-N Oph« Z
Ar=p-CgHsOMe  0.05 M toluene/THF s”
63% conv.
enolate 1:20 lactam: DA product
Scheme 11. Catalyst effects with o,3-unsaturated aldehydes and imines.
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In general, imidazolium-derived catalysts are superior to triazolium-derived variants for y—lactone25 and
y—lactam26 formation, with commercially available IMesCl (cat. C, CAS Nr. 141556-45-8) as the best achiral

catalysts for many of these transformations (Scheme 12).

o}
_SO.Ar . prrmnnnnoeooe
e T momman - Avsom | = o
R! H R2 > H DBU (10 mol %) 'Mes~N s N-Mes !
+-BuOH R R2 ' !
Ar = p-C¢HsOMe 60°C, 15h ! cat.C :

51-73%yield L. ST F ‘

0 o o
&N,sozAr N-SOAr N-SO2Ar )LN,sozAr N-SO2Ar

Ph p-CsHsMe Ph' 2-Furyl  p-CF3CgHs p-CeHsMe  p-AcCgHs p-CeHsMe // p-CeHsMe

70% 73% 70% 65% TIPS 51%
4:1dr 2:1dr 4:1dr 4:1dr 10:1dr

Scheme 12. y-Lactam formation promoted by IMesCl (cat. C).

For certain highly reactive electrophiles, N-mesityl substituted triazolium salts are also active. The actual
reaction mechanisms may be more complex in these cases, but the products are those derived from formal

homoenolate generation and addition. Several such examples are listed below.

0
\\ 2 0 Ofs’/
_cat. A(0.5mol %) N
Rva >—CZ " DBU (20mol %) w
02M CH20I2 25°C Ri R? R3
o, 0 o, 0 o .0 o, 0
pis °S it s o)
N / N\ N N 7 N N
Ph e Ph
Ph Ph 7 3 Ph Ph OMe L CeHsCFs
N="
89% 69% 78% 98% 98% 96%
3:1dr > 20:1 dr 11:1 dr 4:1dr 4:1dr 5:1dr

Scheme 13. Homoenolate additions of saccharine derived-cyclic ketimines.

Saccharine derived-cyclic ketimines are unexpectedly good electrophiles in NHC-catalyzed annulations
with enals using achiral triazolium salt A (Scheme 13).”” These reactions demonstrate broad scope in both the
enal and ketimine reaction partner and afford unique polycyclic products in excellent yield and with low catalysts
loading. Although chiral triazolium salt B is also an excellent catalyst for this reaction, enantioselectivities are
relatively modest. This reflects the known difficulty of effecting highly enantioselective reactions that proceed

via the homoenolate pathway.

When o,3-unsaturated N-tosyl ketimines are used as substrates, bicyclic B-lactams, rather than y-lactams are
formed (Scheme 14).%® This reaction is most easily thought of as a conjugate addition of the homoenolate derived
from the o,-unsaturated aldehyde followed by ring-closing reactions, although the actual reaction mechanism
probably involves a different pathway. This remarkable cascade process affords enantiopure B-lactams in

excellent yields and stereoselectivities.
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o) SOLAr 0] ,SOzAr o) SOLAr o SOLAr o) SO,Ar
N N N N N
H Ph H Ph H Ph H Ph H Ph
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94% 50% 76% 63% 75%
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,SOAr ,SO,Ar ,SOAr ,SOzAr o) ,SOzAr
N
p—CGH5CI nCeHsBr Ph
p-MeOCgH5

p-CeHsBr (0] Ph

80% 72% 67% 62% 71%
99% ee >99% ee 99% ee >99% ee >98% ee

Scheme 14. Bicyclo-B-lactam annulations.

A similar reaction for the formation of enantiopure cyclopentyl -lactones is also possible with the same
catalyst and unsaturated aldehydes (Scheme 15).%° In this case, the use of o/'-hydroxyenones is essential and

provides a useful synthetic handle for the elaboration of the products.

O OH
o /\)O cat. B (10 mol % H Me
+ SN OH : 2
R1/\)H_, EtO,C ‘>< DBU (1.0 equiv) Rl Me
Me" Me toluene
1, 15 h CO,Et
35-65%
99% ee
O o (@)
(0] OH (0] OH O OH O OH O OH
H Me H Me H Me
Me M Me Me Me
Ph p-MeOCgHs p-BrCeHs p-CF3CeHs! q N
COSEt COSEt COEt COEt O CoEt
65% 60% 62% 62% 40%
99% ee 99% ee 99% ee 99% ee 99% ee
Scheme 15. Enantiopure bicyclo-B-lactone annulations.

With enones bearing an aromatic group, the initial f-lactone products undergo spontaneous decarboxylation

to afford disubstituted-cyclopentenes (Scheme 16). The overall reaction allows the combination of an enal and a

simple enone to give enantioenriched cyclopentenes in a single step and under mild, simple reaction conditions.*



TCIA=Jb

—  2011.1 No.149

cat. B R

o % (10 mol %)
+ >~
RV\)]\H MeOZC/\)I\Rz DBU (15 mol %) D\RZ
0.1 M CICH,CH,Cl  MeO2C
0-523°C,40h 25-93% vyield
cis:trans = 4:1 to 20:1
96-99% ee (major)

p-CF3CeHs
MeOQCD\ Ph MeOZCD\p -CgHsBr MeOQC% MGOZCD\P"\ Meozcb\
78% 50% 93% 68% 25%
99% ee 99% ee 98% ee 98% ee 96% ee

Scheme 16. Enantiopure bicyclo-B-lactone annulations.

_@ Catalytic Generation of Activated Carboxylates

In all of the reactions noted above, catalyst turnover is affected by the formation of an acyl azolium species
that undergoes a lactonization or lactamization reaction. These acyl azolium intermediates therefore serve
as catalytically generated activated carboxylates and can be used for esterification and amidation reactions.
By choosing the appropriate substrates, N-heterocyclic carbene catalysts can effect both esterifications and

amidations under catalytic conditions that do not require coupling reagents or produce chemical waste.

The first reports on the catalytic generation of acyl azoliums for esterification reactions utilized simpler
azolium salts. In 2004, our group reported the diastereoselective opening of o,-epoxyaldehydes with simple
thiazolium-derived ylides (Scheme 17).>! The N-mesityl substituted triazolium salt A also catalyzes this reaction
and is in many cases the superior reagent. Rovis, also in 2004, reported the generation of acyl azoliums from
a-halo aldehydes using N-phenyl substituted triazolium salt E (Scheme 18).*? Rovis has also described an
impressive example of enantioselective protonation using a chiral N-pentafluorophenyl substituted triazolium

salt.*?

o OH O : :
& , _cat.D (10 mol %) A b Me Me
_ —_— ' - !

R' H+ HOR® “ppeaemoiwy R ¢ OR ; o
R2 CH,Cl, R2 ' ~~ " TBn
30°C, 15h 79-89% ‘ cat. D :

Scheme 17. Formation of esters from o, -epoxyaldehydes.

i cat. E (20 mol %) , 9 : OZN\ . BFy |
R%H + HO-R® — —————— R\Hj\ons NN-pn !
R2 Et3N (1 equiv) i '

Br R? 1 cat. E |
55-91%

Scheme 18. Formation of esters from o-bromoaldehydes.
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Although a number of azolium precatalysts can be used for redox esterification reactions of o-functionalized
aldehydes, the N-mesityl or N-pentafluorophenyl substituted triazolium salts usually give superior results. A
rapidly growing body of literature on these reactions has established that almost any aldehyde with an a-leaving
group or reversible functionality serves as a substrate for NHC-catalyzed redox esterifications. The N-mesityl
substituted catalyst is particularly suited for redox reaction of o,B-unsaturated aldehydes (Scheme 19).'6
Other applications include the opening of enantioenriched formyl cyclopropanes to generate esters®* or

dihydropyranones reported by You and coworkers.*®

o cat. A (5 mol %) o

+ HO-R2 R ———
R«\)kH © DIPEA (10 mol %) R‘/\)I\ORZ

1.0 M THF, 60 °C 61-99%

0]

EWG, . t. A (5 mol %
. . J\H + Ho-R? cal (5 mol %) EWG/WOR
DBU (20 mol %) R' O

R’ 84-98%

2

R1

o o) o OH
cat. A*BF4(5 mol %
A omay | T AN ~o
Y DBU (30 mol %) Nt . o
dioxane, 65 °C N-N R

2 2 Mes’
R R 30-92%

Scheme 19. Redox reactions promoted by catalyst A

A curious finding of both our group and several others is the reluctance of catalytically generated acyl
azoliums to undergo reactions with amines to form amides. This property can be exploited for the chemoselective
acylation of alcohols in the presence of amines. The origin of this unusual reactivity lies in the unique properties
of the acyl azoliums themselves, which do not readily react with amines to form amide products.36 Successful
NHC-catalyzed amidations do occur with the addition of suitable co-catalysts. In our hands, we have found that
the addition of imidazole or similar triazoles make catalytic amidations of o-functionalized aldehydes possible,
via the intermediacy of an acyl imidazole that reacts with the amine (Scheme 20).%” Similar chemistry using

HOALt as the co-catalytic acylating agent was reported simultaneously by Rovis.*®

EWG (H)\ 5 cat. A (5 mol %) R' O
. -R imidazole (1.1 equiv) >
™ "H 4+ HN — T s EWG .R
Y L DBU (20 mol %) Mﬁl
1 3
R 53-99% R
o o) Ph O Me O
et0,c._~_J B Et0,c._~_J _pheorsu  proc. L I en phoc. A Bn
H H H H
90% 99% 81% 83%
Scheme 20. Redox amidations.

_a Catalytic Annulations by NHC-Catalyzed Claisen Rearrangements

The combination of a chiral N-heterocyclic carbene catalysts and an ynals should lead to the formation of an

o,-unsaturated acyl azolium that may act as an electrophile, representing a completely different activation mode
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than the acyl anion, homoenolate, ester enolate, or activated carboxylate equivalents discussed so far. Using the
identical chiral catalyst, we succeeded in identifying conditions for the selective generation of such intermediates

and their use in annulation reactions with enolic substrates, such as kojic acid derivatives (Scheme 21).%

o [e]
HO cat. entB (10 mol %) 050 HO
/L T nobase L) ) ||
no base 2 2
R2 toluene, 40 °C H o R H o R
then MeOH R! O Rt

78-98%
92-99% ee

“A)\)EK/OTBS MeO\'(v\\Hj\/OTBS MeO r‘ijTBS

80% Q\CI 87% Q 88%

97% ee 99% ee 96% ee

m\/OTBS Meoj‘/\rﬁ\/OTBS MeO“/\rﬁ\

@ 98% M e/ 78% 90%

97% ee >99% ee 99% ee

Scheme 21. Enantioselective annulations of ynals and kojic acids.

Our initial work focused on kojic acids as substrates due to their known synthetic utility, but similar
conditions give annulation products from pyruvates in excellent yields and selectivities. Recently reported
chemistry from other groups using 1,3-dicarbonyls as nucleophiles are likely to proceed via a similar mechanism
and should be amenable to enantioselective catalysis with chiral catalyst B or its relatives.*” The reactions may
also be conducted by starting from the o,3-unsaturated aldehyde and a stoichiometric oxidant with no effect to
the observed enantioselectivities.*’

The mechanism of this reaction is also of considerable interest. Although we initially believed the o,p-
unsaturated acyl azolium 4 would be an excellent Michael acceptor, we have been unsuccessful in adding any
nucleophiles other than enolates or MeOH/water. This led us to extensively investigate the detailed mechanism
revealing an NHC-catalyzed Coates-Claisen rearrangement as the key step. This mechanistic postulate

rationalizes the exceptional enantioselectivities observed in this reaction (Scheme 22).

7 i\
— i =
/‘L catents O J, androronaton | w0 J', HOR_ O
R Z /’\( R‘ \ N M OR®
ol />J u
Mes” NoN Mes’ N
acyl azolium 4

1,2+ addmon
“0.
; Gy @3»
(NI N™Sy
o HO_ J=\+ Claisen HO, _‘\LN+
a PN 20 Mes rearrangement /H>\O Mes
O~ R O R” A°
R O ~r O~

Scheme 22. Mechanism of Claisen rearrangements.
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_@ o’-Hydroxyenones as Enal Surrogates

The majority of the reaction described in this review use o,f-unsaturated aldehydes as starting materials.
Although not obscure compounds, the vast majority of substrates require multiple steps for their preparation.
This is particularly true of the highly desired heteroaromatic substrates for which the methods of enal synthesis

are complicated by the presence of basic functionality.

In order to improve the scope of the NHC-catalyzed reactions and expand the range of products that may be
prepared with these methods, we have sought readily prepared, bench stable surrogates for aldehydes reaction
partners. For ester enolate equivalents, the o-chloroaldehyde bisulfite adducts are ideal,?! but these cannot be

used for reactions involving homoenolate equivalents.

We have therefore developed o'-hydroxyenones 6 as readily prepared surrogates for o,-unsaturated
aldehydes.*' These substrates can be prepared on a multigram scale from commercially available ketone 5 and

aromatic aldehydes (Scheme 23).

o) o
o) LiOHeH,0 (20 mol %
P Me&OH LIOHeH,0 (20 mol %) RN OH
A" H Mo Me THF/H,0 Mo Me
5 6
40-99%

Scheme 23. Base catalyzed aldol reactions of o'-hydroxyenones synthesis.

In the presence of an N-heterocyclic carbene, the o'-hydroxyenones undergo identical reactions as the
corresponding o,3-unsaturated aldehydes. In this case, the key reactive intermediates are formed by a retro-

benzoin reaction of the initial NHC-ketone adduct (Scheme 24).*

N
C(/ N-Mes “%-Mes
0 N 0~ N—Z OH
OH -
RPN OH R RIS o)
Me Me Me Me Me Me
a'-hydroxyenone —N retro-benzoin o
N_N-Mes -
A 0
0 H
#’ R‘WN
RN b g
enal MeS’N\N
Breslow intermediate
Scheme 24. Generations of Breslow intermediate from o/-hydroxyenones and enals.

These substrates are particularly well suited for the synthesis of cyclopentenes and lactams, with selected
examples shown in Scheme 25. Due to the increased steric demands of the ketone substrates, these reactions
work best with achiral triazolium precatalyst A. We therefore highly recommend these conditions for the
preparation of racemic mixtures and the preparation of small libraries. Should the enantiopure compounds be

needed, they can be prepared with chiral catalysts B and ent-B from the o,3-unsaturated aldehyde.
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o) %P
o \\S//O N o Ar
N~ \
Re o MeOzc/\)]\Ar
2 o x OH o >
R R DBU (15 mol %) R1/\)J>( DBU (50 mol %) i Co,Me
43-99% Me Me 35-76%
2:1-12:1 dr . 2:1-10:1 dr
— cat. A —
o 0] SOLAr
5-20 mol % 4
( ) _SOLAr NN
N : -Ph
; Ph/\/l\Ph m@
-
R pPRBr =Ry Gomol %) DBU (50 mol %) Ph
58% o
3:1dr 77%
3.5:1dr
/ ) e
X S
MeO.C Ph MeO.C Ph MeO.C Ph  MeO,C Ph MeO,C Ph
76%, 5:1 dr 62%, 3:2 dr 61%, 5:1dr 53%, 3:1dr 62%, 6:1 dr
0 (\)\//o
N’S
F MeO
99%, 3:2 dr 92%, 9:1 dr 98%, 2:1 dr 78%, 4:1 dr 84%, 2:1 dr
Scheme 25. NHC catalyzed annulations using o/-hydroxyenones.

The o'-hydroxyenones are also outstanding substrates for NHC-catalyzed amidations in combination with
1,2,4-triazole as a co-catalyst.* Unlike most amidation conditions that require excess amounts of coupling
reagents and generate a large amount of waste, these conditions affect catalytic amidations with no products other

than acetone and only substoichiometric quantities of reagents. Selected examples are shown in Scheme 26.

o) o
_R2 %,
N OH + HN cat. A (5 mol %) R‘/\)]\N’RZ
R Re DIPEA (20 mol %) ‘
Me Me 1,2,4-triazole (10 mol %) R3
0.5 M CH.Cly, 40 °C, 3 h 21-99%
o] NH O Me Me O Me o
| Me
NN NN NG NG W SN
H H H H
OMe
98% 90% 47% 99%
i P i i
S N
Ph/\)J\N§ P N/D Ph/\)LN’OMe <\ i N~ "Ph
K Me N"Nve
96% 99% 64% 59%
(0] \OH
i A P
~_-OH
Ph/\)kN/\/\OH Ph N o /\)kN
H L_oH N
66% 38% 74%
Scheme 26. Catalytic amidation with o-hydroxyenones.
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©) conclusions

In just four years since the initial report, N-mesityl substituted chiral triazolium salts have proven to be one

of the most versatile and selective catalysts known. In addition to the remarkable range of products they may be

used to construct, they are notable for their high stability, mild reaction conditions (20—40 °C), and tolerance to

air and water. A single chiral catalysts work well for nearly all of the reactions reported to date. For a few NHC-

catalyzed reactions for which B and ent-B give inferior enantioselectivities, a number of new chiral scaffolds

are emerging. Notable, all of these structures maintain the essential N-mesityl triazolium core that has proved

to be necessary for both reactivity and selectivity in these new generations of N-heterocyclic carbene catalyzed

reactions. The commercial availability of these catalysts should encourage the discovery of even more new

reactions and applications of the complex, enantiopure products they afford.
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Bode i{E CH,

—N ClO4
\ 4
N\7N
CHs
CH3
6,7-Dihydro-2-(2,4,6-trimethylphenyl)-

5H-pyrrolo[2,1-c]-1,2,4-triazolium Perchlorate
100mg 13,500 A [D3982]

cl” H OA>=N CHs ¢
\ 4
N\7N
CHj H CHj
CHsy
* Hgo - HQO
(+)-(5aR,10bS)-5a,10b-Dihydro-2-(2,4,6-trimethyl- (-)-(5aS,10bR)-5a,10b-Dihydro-2-(2,4,6-trimethyl-
phenyl)-4H,6H-indeno[2,1-b][1,2,4]triazolo- phenyl)-4H,6H-indeno[2,1-b][1,2,4]triazolo-
[4,3-d][1,4]oxazinium Chloride Monohydrate [4,3-d][1,4]oxazinium Chloride Monohydrate
100mg 13,900 4 [D3983] 100mg 13,900 F [D3984]
\. J

Petasis ii{# / Petasis Reagent

D3956 Dimethyltitanocene (5% in Toluene) (1) 100g 25,500 M

Product Y. (%) Product Y. (%)

@ CHs 0__CH,
! 80
CHg—Ti—CHj CHS(CHZ)S\HLH 62 @:j
CHs
‘Cb? CH, CH,

CH, 90 CH3\HI\ 68
Ph Ph SPh

Y

X,
R X  toluene or THF, 60-80 °C R X CH,

CHa
87 0
X = H, alkyl, aryl, vinyl, OR, etc. O(CH2)11CH3 O>'=CH2 65

TAFIFR/EL (1) E Petasis REEHBFIENZFEELEAFLAEHAETT, 11360 CLL
ETHABLTFE/ £ —AF YT EEEEERL, 7ILTER, Fbh2, TXFI, FT K
CHEEDEADHIVREZIVIEEMERICL, WMIET3FL 71> 25A %, 113 Tebbe HEFEICLE
RNTERPTCREL L, WA ABEOBWNVTILIZILEEEY, BMEEAET CRICHVETLE
T, Tebbe HFE LBV ZFIHLC £E VN,

ik

1) Methylenations of carbonyl compounds with dimethyltitanocene
a) N. A. Petasis, E. |. Bzowej, J. Am. Chem. Soc. 1990, 112, 6392. b) N. A. Petasis, S.-P. Lu, E. |. Bzowej, D.-K.
Fu, J. P. Staszewski, |. Akritopoulou-Zanze, M. A. Patane, Y.-H. Hu, Pure & Appl. Chem. 1996, 68, 667.
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New Organic Functional Material (Picene)

P1893 Picene (purified by sublimation) (1) 100mg 19,300 F 19 115,800 M

Field-effect tansistor with thin films of Picene

| Au (Source) | | Au (Drain) | T, values / metal (K and Rb) and the doping rate
Active Layer O O O Alkali metal  Metal content T
* < Q Q o4 01 0
= K 29 7
. 1 K 3.3 18
Si (Gate) Rb 21 7

Bt (1) & NCHECRSENWRICHR L 2B EFHERIEKFILEWMTT. AFESRBE®
CHERERBRII OV RADEEBE L B (TRVVEERTIEERELTVET Y, B
PRSI RBENE L 1.1 cm?V s RO THE, S 5IC 70 BEFEBRRRERERICIE, BEED 1.75 cm?Vis?
ETCELEL, SHRENICVRLZELTOICAYHIATVEY, &/, ARESK1IEAYY
L% 33FREALLR 18K (-255 °C) THEBEBRIRBE TSI LHHEL THY I, Zhiz
BFRAFOBEBRE S L TRBO TEVEBETT, SRLELC ZBAVWLICHERR»Y S ET,

Xk
1) Air-assisted high-performance field-effect transistor with thin films of picene
H. Okamoto, N. Kawasaki, Y. Kaji, Y. Kubozono, A. Fujiwara, M. Yamaji, J. Am. Chem. Soc. 2008, 130, 10470.
2) Superconductivity in alkali-metal-doped picene
R. Mitsuhashi, Y. Suzuki, Y. Yamanari, H. Mitamura, T. Kambe, N. Ikeda, H. Okamoto, A. Fujiwara, M. Yamaji, N.
Kawasaki, Y. Maniwa, Y. Kubozono, Nature 2010, 464, 76.

ARERXEEWHMESERELVLT 207 0vT /

Building Block for Organic Photovoltaic Cell Polymers

D3842 4,7-Dibromo-2,1,3-benzothiadiazole (1)1g 8,000 [ 5g 24,000 F§ 25g 58,000 [

Br , N RO OR
L L

@j s —— BrD_O—QBr PinB C'O BPin

Br
1

213- NI FTIT I —IWREFARRFEBRAFELTHSATVE T, ZDLUMO I %)L
F—DEIND, EFEELHFERERAILBZIEICLY, TXLXF—NCEX vy TOEHT
MEWRYT—%B2IENTEEY, EF, ARERAEGEMMBE L TN IYFTITI -0
BAUEHETIHEAR) T —DOMBRIBAICTOATOVET, FlAIE, Kim 5%, 1 2EBHICAW,
BFEEL 7S ML OFEBREOREEHREEHR L TVWET, ZOREEHE PC,BM »5H
BNV IATFOEARAKBRENRTIE, TXNLXF—TEIPE1.12% £ ZR L TVET,

Suzuki coupling

Sk
Low-bandgap poly(4H-cyclopenta[deflphenanthrene) derivatives with 4,7-dithienyl-2,1,3-benzothiadiazole unit for

photovoltaic cells
J. Kim, S. H. Park, S. Cho, Y. Jin, J. Kim, I. Kim, J. S. Lee, J. H. Kim, H.Y. Woo, K. Lee, H. Suh, Polymer 2010, 51,

390.
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lon-supported Triphenylphosphine

M2103 1-Methyl-1-[4-(diphenylphosphino)benzyl]pyrrolidinium Bromide (1) 1g 21,000 F

1-XFINA@B(VTTZIWNKRZT ¢ /INCINIEQAY S ZILTAIR (1) &, EHS» R
BUEERPTCERELEA A CEER NI T ZINERAT 4 > T 1 #BAVAZILI—LONON
Ak, RERIBICEBHAIVECBOIZFIVETIE, BIETE3RA T4 AF S R28 T —FIVIC
BT WS, RICIRTHER, ERMEI—-—TIHHEHLTABTS 2 EICE&V, 90% K EDEYNEER
TRERFIINBTIZENP TEE T, 2 I XA FIRMBIC LD O-Xx FIVE, LiAH, (& 3ETIC
&1 EBEL, BFRETZZEPARETT,

i 1RBER—NY IRIEPEBERICE EDEEMEOREMTFELTHARATT 1 8LV
INZTILMEEEC A F URERICBEIBHETSZ EPFEET, BYRLBAVWTHENEE
MELET,

i S AN

©/on . con 1 (1 5eq.) @/\/\
CHQCIQ 40°C,2h
(1.1eq) Reuse Yields (%)
1 PhsP
95 68
1 93
2 87
EtsN (2.0 eq.)
PdCI, (8 mol%)
Cul (10 mol%)
1 (16 mol%,
G SR W
— [bmim]PFg, 70 °C, 3 h
(1.5eq.) Reuse _ Yields (%)
1 PhgP
0 100 91
1 100 92
2 100 99
3 100 76
4 100 41
5 90 18
6 95
7 94

EBA . 7ILa-ILDOEFL

1 (1320 mg, 3.0 mmol) 2BZZR> T T70 CT2RBHE&EEI L2, 15 ANZT75XCS- T 2b-
1- 70/¥/ —JL (272 mg, 2.0 mmol) &MEALR&RR (729 mg, 22 mmol) DT VOO X %> (6 mL) Bk %
mza, 7IITCFERT, 40 CT2REE#T 5, RISHERTH, T—7J/0 (10mL) 20, ZRT40
PEHT 3, 2BL, I-—FTITHEL-H, IREBEBETIEICLY, HEHIESND (HE
70-75%, BIERH CHBr, 8 88) YU DS NDI 3 - HFL7OF NI 5T 4— (/0OKIVLA)
THRETBHZEICLY, A 3- 712 1-FJOETANCHESN S, BIERY 2 358D S 93%
EREh B,

ik

1) lon-supported triphenylphosphines and their synthetic utility
Y. Imura, N. Shimojuh, Y. Kawano, H. Togo, Tetrahedron 2010, 66, 3421.
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Useful Chiral Auxiliaries for the Synthesis of Chiral Oxiranes

T2578 (1R,4R,5R)-4,7,7-Trimethyl-6-thiabicyclo[3.2.1]octane (1) 196,700 [ 5g 19,900 [
T2579 (15,45,55)-4,7,7-Trimethyl-6-thiabicyclo[3.2.1]octane (2) 198,300 5g 25,000

CHg CHs
CHE\és C%Hs
1 2

Aggarwal 5%, (1R,4R,5R)-4,7,7-F) X FIL-6-FF7EL VO [B21]F 02> (1) »HFEHEL /-
ZWKRZGLIESI HL V42 EETUELTELNABIMEA) REAVWARFAREREL TV E
To ZHhICELNIE, 3ETILTERBLISIILEDRIST, ¥INMT7zZAXxI5, 7TV
TUREN, ¥4 ETITEREDRIST, FTNop-FEMAXIIHPZIAFThAENRE - 5
AENERTELONE T, E5IC Aggarwal 5 COFEEHVWAZTILAOA FEOEEKRHREL
TWET 1LV 2I3LDAERET U FANDFENFET, FS5MAXPT>, FIVUT
DERIRILCERTEZ 2 BRAEAEMHMBEICT,

CH3 -

KOH, MeCN / H,0 (9: 1), 0 °C R Method Yield (%) dr.  e.r
CHy ;\CHa (Method A) o) Ph A 77 >95:5 99:1
S+ + RCHO (Q,W (B)-PhCH=C(Me) A 84  >95:5 98:2
OTf~ KOH, MeCN/ +BuOH (15:1),0°c ~ Ph R o-CeHiy B 62 93:7 99:1
Ph 3 (Method B) n-C4Hg B 56 91:9 99:1

CHj
o R' R? R Method Yield (%) dr.  e.r

KOH, MeCN / H,0 (9 : 1), 0 °
CHy, ;\CHG O, MeON/H;0 (9: 1), 0°C Al ] Me Ph  Ph  C¥ 97 >95:5 99:1
S+ + RCHO (Mathod ) | “q Me H Ph CY 80  >95:5 99:1
R! X KOH, MeCN / tBUOH (15:1),0°C  _, Me Ph ocCeHyy D 77 >95:5 98:2
| (Method D) R Me H cCeHyy DM 77 >95:5 97:3
R? 4 a X = BFy. P X =OTf.
R Yield (%) trans/cis er
Ts
N/Ts KGO | Ph 72 85:15 99:1
3 4+ T, N p-CICeHs 65 75:25 991
RJ\H MeCN, 1t PhA"'”R PpMeOCeH, 80 83:17 99:1
(E)-PhCH=CH 78 >99: 1 98:2
/
OMe
OMe
3 N
OTf N N
I+ “or
TeocN
quinine

3k

1) Practical and highly selective sulfur ylide mediated asymmetric epoxidations and aziridinations using an
inexpensive, readily available chiral sulfide
O. llla, M. Arshad, A. Ros, E. M. McGarrigle, V. K. Anggarwal, J. Am. Chem. Soc. 2010, 132, 1828.
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$Et 5% / Glycosyl Donor

P1762 Phenyl N-Benzyl-2-amino-4,6-0-benzylidene-2-N,3-0-carbonyl-2-deoxy-1-thio-

p-D-glucopyranoside (1) 1939,900 M
BnO
CIAcO
(CIAc)20, pyridine
- NBn
Ph/v BnO CHaCly, 0 °C, 30 min O
EtsSiH, BF3-OEt, HO& 3 Y.99%
h———————— "~ O SPh —
CH3Cly, 0 °C, 80 min OAc_opB
}’—NB NBn i) Tf,0, pyridine, CH,Cl OBn
2 v .72% —40~-20°C,3h _ (o]
i) NaOAc, DMF O, SPh
60 °C, 2 days }——NBn
O 4 Y.73%
R OBn

il OBn HO o R2 5
R2 . Bn%no AgOTf, PhSCI, DTBMP . : -
SPh BnO toluene / 1,4-dioxane, 0 °C to rt o]
%——NBn
(1.2eq.)

° o}
BnO
5 (10eq) OMe ! - BnO
DTBMP = 2,6-di-tert-butyl-4-methylpyridine
3:R'=H, R? = CIACO Bno

4 R'=AcO, R2=H OMe
6: R' = H, R? = CIACO, Y. 80%(ct), 8%(B)
7:R'=AcO,R2=H, Y.76%(a), 5%(B)

7T ZIWN-X>TII-2-T 2 /-4,6-0-KX>T 1) F2-2-N,3-O-HIWAKZIW-2-FH+FL-1-F +%-
B-D-7IAEZ /K (1) TEBS PR U LBEEHEET, 73 /FED12cisV )2 FEEDE
7Oy Z7ELTHWSOhET, BlAIE, 1N F U sRThRL A%, 4fuer700
TEFIAEL TN H I FERIC, H3VE4L4HOE FAOF O EEIBRESET7EFILE
LTAHZ 7 NI UFERACEBLZENTEET, D3, 4, ThZhBEBREARSERICL, &
VoM 23> T1,2cis UV RIEE 2B T2 486, 7252 %3, 1,2cis/) L FNiEE %
BE37I /8, ANNYCEEOEEEMEFEOREHEICZCRAShE 8, 2h5DE#HEHERA

DICAPEFEI LT T,
ST

1) Selective a-glycosylation and one-pot oligosaccharide synthesis involving 1,2-cis-glycosylation
S. Manabe, K. Ishii, Y. Ito, J. Am. Chem. Soc. 2006, 128, 10666.

FE(5{& / Glycosyl Donors

OAc OAc OAc

AcO 0 AcO Q AcO Q
AcO AcO AcO

AcHN AcO AcO

Cl Br F
2-Acetamido-3,4,6-tri-O-acetyl- 2,3,4,6-Tetra-O-acetyl- 2,3,4,6-Tetra-O-acetyl-
2-deoxy-a-D-glucopyranosyl o-D-glucopyranosyl Bromide a-D-glucopyranosy! Fluoride
Chloride (stabilized with CaCOg)
19 7,300 [ 5g 21,600 4 [A1416] 59 7,800 A [T1961] 1g 18,000 A4 [T1995]

INSOMICHBIMDHATHED T BT VS AHYOTZTSRIEEL,

>F—0—RTRY | BEHSH

http://www.tokyokasei.co.jp/product/synthetic-chem/S033.shtml




TCISA=Jb

2011.1 No.149

(IMes)- fAFE#fREHLD X F L V{ERE&E Grignard R /

(IMes)-Copper Complex for Methylenation and Grignard Reactions

C2422 Chloro(1,3-dimesitylimidazol-2-ylidene)copper(l) (1) 200mg 5,000 [ 1g 13,000 [

J00(1,3-T AT FILAIFZT—IL-2-14 ) F)R() (1) diE2 DIERR EBEBEDT7ILTFE R
ETRLDAFLAERBICAVWSNZ2HHEMIET, MIXFILIYLITIA A2 ERN) T
ZIWKRZR T4 DBFEETTHEAIATVET), COXFLIAERSIET Ry hOXFL 21—
Diels-AlderIRILRE®2, TRy bDAFL MAb—HDFAHeck RICICFIBEI N TV EFTI, 1 I
GrignardidEZAWS 7 U VEBRRICOME S LTHRAVSh TR g4,

Me Me
/ - \
N N
Me E Me
Me 7 Me
Cl

1
(IMes)-Cu complex

1 (5 mol%)
TMSCHN, (1.4 eq.) R Yield (%)
-PrOH (1.1eq.) X H 77
PPh; (1.1 eq.) \CH2 Br 70
i o > OCHj3 82
dioxane, 60 °C, 2 h N(CHa)s 81
R - -
1 (10 mol%)
TMSCHN; (1.4 eq.) CHa
PrOH (10 eq.) AlClg
PPhg (1.1eq.) (1.1eq.)
dioxane, 60 °C, 2 h 140 °C
16 h

1 (1 mol%)

i-PrMgCl (1.5 eq.)
T eoocain ScH
7 OCO,Et Et,0,0°C, 1h 2

CH3™ "CHg (Y. 98 %)

KB (R=H):

$84K1 (20.2 mg, 0.050 mmol) & b 7 T ZJLRX T 1> (288 mg, 1.10 mmol) M 25 CH I+ ¥4 >
B (10mL) ([Z2- 7@/ —JL (84 uL, 1.1 mmol), DWW TCtrans- ¥ > F LTI TFE K (125 uL, 1.00
mmol) & U XFILI YT T I AZBR (1.4-20 mmol) # RNEMH XBEET T TMNA %, RSB
#%E 60 CT2ERERET 3, ZTDHEIC 3% BEYEKFEK (10 mL) #M0A, HHEEI—7IL (3 X 20
mL) THHET 3, BB+ A— L TRMEBIEK (2 X 20 mL) TH&EL, B~/ XYL THIET 5,
ARERERBBLTEONSZZEBE 7Sy al AN yaOx i T 74— (NZH L (EBETFIL
=99:1) THETHZEICEY, 1-TZIL-13-TEZIIT> (100 mg, Y. 77%) DEEMRNEHN B
5N3,

ik

Copper-catalyzed methylenation reaction

1) H. Lebel, M. Davi, S. Diez-Gonzalez, S. P. Nolan, J. Org. Chem. 2007, 72, 144.

2) H. Lebel, M. Parmentier, Org. Lett. 2007, 9, 3563.

3) H. Lebel, C. Ladjel, L. Bréthous, J. Am. Chem. Soc. 2007, 129, 13321.

4) S. Okamoto, S. Tominaga, N. Saino, K. Kase, K. Shimoda, J. Organomet. Chem. 2005, 690, 6001.
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- #8i&X,CASES MDLES Y1418, SDBSE S, SEYHELL,
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* GHSICE S<Ia R EHH
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FH23F3R26H(1)~28H(A) MEIIKXZE #HExv /N2
BAZEZEBINFSHE BRBS - NITHE-EXLRETS
FH23E3A29A(X)~31H(K) YA Xy w @

BAREMFR201MFEXRESHMBETS
FH23F3R26H(+)~28H(A) WML FKRY *hER

OBBTME OREMNE OBTF-WBIH fw@}";
susnsy COEEBTME ARRECMPHE> Ry L0
Oft#BER OW# OfEWSAISU—" x/fm

BESHF—LICKY R EE X H B HEIC!

OV ERMFEM~M Y/ EMUTTIAE
O MmERECHIIN

* ()T LV IRV A<EBMTIIT I A= H—>IIERRELTVET,
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