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Abstract: o,0-Diaryl(dialkyl)prolinol ethers constitute a
potent organocatalyst family which has been shown to be
very general for a broad range of reactions involving en-
amine and iminium ion activation or a combination of
both. The reactions are characterized by an efficient steric
control approach and can lead to a variety of a-, p-, y-,
and a,p-functionalized carbonyl compounds with excellent
stereocontrol. As a full expression of their catalytic activi-

ty, these compounds are also excellent promoters of ele-
gant cascade processes and valuable catalysts in water-
compatible systems.

Keywords: asymmetric catalysis + enamine activation -
iminium ion activation - organocatalysis - tandem reac-
tions

/

1. Introduction

Inspired by nature, where enantioselective reactions!! are
efficiently performed by enzymes,? synthetic chemists have
developed new strategies to enantioselectively synthesize
chiral compounds. While the end of the last century has
been dominated by the use of transition-metal catalysts to
achieve this goal,”’! the use of organocatalysts is reaching its
golden age™ in the 21st century.

Organocatalysis, which can be defined as the “accelera-
tion of chemical reactions with an ideal substoichiometric
amount of organic compounds, which do not contain any
metal atom,”™ has been known since Marckwald carried
out the decarboxylation of a malonic acid derivative in the
presence of brucine in 1904, this reaction being the first ex-
ample of an enantioselective transformation.’! Despite this
fact, it has only been over the last decade that the use of or-
ganic molecules as catalysts has emerged as an important
area of research. Organocatalyzed reactions present an at-
tractive complement to metal-catalyzed processes because
of their lower cost and benign environmental impact in com-
parison to organometallic catalysis.

Chiral secondary amines are probably the most commonly
used organocatalysts today.”! They can activate the a-C—H
and B-C—H bonds of carbonyl compounds and transform
them into a C—X (X =heteroatom) or C—C bond via ena-
mine” or iminium ion!® formation, respectively. Saturated car-
bonyl compounds are easily activated for their a-functionali-
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zation in the presence of a chiral secondary amine through
an enamine intermediate wherein the energy of the HOMO
orbital is raised. This enamine, in the presence of an ade-
quate electrophile, forms a C—X or C—C bond. Hydrolysis
of the intermediate releases the chiral amine, which can
then undergo a new catalytic cycle to give an a-functiona-
lized carbonyl compound (Figure 1). Alternatively, when
o.pB-unsaturated carbonyl compounds are the substrates of
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Figure 1. Enamine catalysis of nucleophilic addition and substitution re-
actions to afford o-functionalized carbonyl compounds (arrows may be
considered equilibria).
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choice, activation takes place through an iminium ion inter-
mediate, wherein the energy of the LUMO orbital is de-
creased, thereby facilitating the transfer of the chirality in
the presence of the appropriate nucleophile to the (-posi-
tion to yield a p-functionalized carbonyl compound
(Figure 2). In addition, and owing to their capability of pro-

®
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Figure 2. The iminium catalytic cycle to afford B-functionalized carbonyl
compounds (arrows may be considered equilibria).

moting several types of reactions through different activa-
tion modes, these secondary amines have experienced a
recent development in tandem and/or domino reactions,”
which proceed consecutively and under the same reaction
conditions to construct complex frameworks from simple
molecules.

In general, in all these processes the configuration of the
final adducts can be controlled either by hydrogen-bond in-
teractions between acidic protons of the chiral amine and
the incoming electrophile/nucleophile (Figure 3A) or by
steric hindrance coming from the secondary amine (Fig-

H--X=Y-Z éo
g”j-élk Ntk

X=Y—Z
A B

Steric control

Hydrogen bond
approach

approach

Figure 3. Pictogram showing two complementary modes of chiral pyrroli-
dines by enamine catalysis; typical examples are: model A: L-proline,
through a hydrogen bond; model B: diarylprolinol ethers, through steric
control.

Abstract in Spanish: Los trimetilsilil éteres derivados del
prolinol han emergido como potentes organocatalizadores
que permiten la funcionalizacién de compuestos carbonilicos
tanto via enamina como ién iminio. Actualmente se han
descrito diferentes procedimientos para la alfa, beta, gamma
y alfa-beta funcionalizacion, asi como procesos en cascada y
multicomponentes de gran interés para la comunidad cienti-
fica. En esta revisién se presentan los udltimos avances en
este contexto.
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ure 3B) for enamine activation, which guides the approach
of the electrophile/nucleophile from the less hindered face
of the enamine.

Among the chiral secondary amines developed to date as
fairly general and efficient organocatalysts are the amino
acid proline” and MacMillan’s imidazolidinones.”! Howev-
er, recently prolinol ethers, particularly o,o-diarylprolinol
ethers,'"”! have also emerged as fairly general organocata-
lysts. These catalysts work through steric control (Fig-
ure 3B) and have been applied to a large variety of organo-
catalytic transformations affording a-, -, and, more recent-
ly, +y-functionalized carbonyl compounds, including also
tandem or multicomponent processes. As a result, the
number of publications in this field describing the use of
these amine-based catalysts, particularly 1 and 2 (Figure 4),
has increased dramatically within the last two years.""! The
goal of this Focus Review is to give an overview of all the

Figure 4. Prototypical a,a-diarylprolinol ether catalysts. TMS =trimethyl-
silyl.
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achievements in the functionalization of carbonyl com-
pounds promoted by this kind of organocatalysts.

2. a-Functionalization of Aldehydes

Prolinol ether derivatives have been successfully applied to
C—C, C-N, C-0O, C—X (X=halogen), C—S, and C—Se bond-
forming reactions from carbonyl compounds and suitable
electrophiles. In all these transformations activation of the
a-C—H bond adjacent to the carbonyl group takes place by
enamine formation.

2.1. Carbon-Carbon Bond-Forming Reactions
2.1.1. The Mannich Reaction

The Mannich reaction is a highly effective carbon-carbon
bond-forming reaction that may be used for the preparation
of enantiomerically enriched amino acids, amino alcohols,
and their derivatives."” Because of the utility of these types
of synthons, the demand for Mannich reactions that selec-
tively afford anti or syn products is high. Enantioselective
anti-Mannich reactions are, however, considerably rarer.!>1
In this area, remarkably significant is the Mannich reaction
of aldehydes with glyoxylate-derived imines catalyzed by 2,
which turned out to be highly anti-selective (Scheme 1) as

_PMP

HN
2 (10 mol %)

O HN
CH.ON H)H/\COEEt

RT, 16h R

84-79% yield
12:1-8:1d.r.
94-98% ee

O
PMP.
N
HJS + Ik

R CO,Et

Scheme 1. Organocatalyzed enantioselective anti-Mannich reaction of al-
dehydes with glyoxylate-derived imines.

reported by Jgrgensen.'"™™ Later, Cérdoval™ described that
the same reaction is also catalyzed by 1 (10 mol%). It is
worth noting that only a few types of organocatalysts, pyrro-
lidine-3-carboxylic acids™! and chiral aminosulfonamides,®’
have been reported to afford anti-Mannich adducts with
high diastereo- and enantioselectivities. These results com-
plement those reported with L-proline, where high syn dia-
stereoselectivities are observed.!'")

Gellman and Chi® and Cérdoval™ independently de-
scribed the a-aminomethylation of aldehydes through a cat-
alytic asymmetric Mannich reaction involving a formalde-
hyde-derived iminium electrophile and by using 1 as organo-
catalyst together with AcOH and LiCl (Scheme 2). The ex-
pected adducts are reduced in situ to afford the y-amino al-
cohols in good yields and excellent enantioselectivities.

2.1.2. a-Arylation

The direct enantioselective a-arylation of aldehydes is chal-
lenging because of the importance of the optically active ar-
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1) 1 (20mol %),
o) OMe AcOH, 1u LiCl,
. U Bn DMF, -25°C, 2h _ HO™ Y~ “NBn,
H N 2) NaBH,, R
R Bn MeOH, 0°C 65-87% yield

90-92% ee

Scheme 2. Enantioselective aminomethylation reaction of aldehydes.

omatic compounds formed. Very recently, Jgrgensen report-
ed the first highly asymmetric a-arylation of aldehydes pro-
moted by diphenylylprolinol trimethylsilyl ether 1 using qui-
nones as the aromatic partner and leading to optically active
a-arylated aldehydes which are isolated as their hemiacetal
form (Scheme 3).”"! The formed a-arylated products if sub-
jected to reduction with sodium borohydride lead to qui-
nones 3. Furthermore, both hydroxyl groups can be acetylat-
ed by Ac,O to afford 4. Surprisingly, catalyst 2 was not
active in this reaction, as it did not lead to any arylated
product.

o o)
JH . 1 (20 mol %) 557
H S | EtOH (5 equiv H,0) .
R NG, >
R 24 or 4°C
© OH
65-98% yield
92-99 % ee
OH
Py
o, (1
OH MeOH 74% yield
e} R = iPr OH 94% ee
“R 3
0
Ac,0 o

OH TEA, DMAP "Et
R =iPr, 98% ee CH,CI,
R =Et

R = Et, 99% ee 58% vyield
. OAc  98% ee

Scheme 3. Enantioselective a-arylation of aldehydes with quinones.

The proposed mechanism for this reaction consists of two
catalytic cycles. The first cycle, in which the stereogenic
center is formed, is the reaction of the enamine intermediate
with the quinone, and the second one is a series of proton-
transfer reactions leading to the optically active arylated al-
dehyde that has a dihydroquinone functionality. The proton-
transfer reactions might involve H,O, as no reaction occurs
in its absence.

2.1.3. a-Allylation

The a-alkylation of carbonyl compounds is a fundamental
carbon—carbon bond-forming reaction in organic synthesis.
Organocatalytic alkylation of enamine intermediates with
allyl and benzyl bromides promoted by pyrrolidine deriva-
tives has proven to be difficult, presumably owing to N-alky-
lation of the catalyst.”!! In 2006 Cérdova® reported the

www.chemasianj.org 925
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first direct catalytic intermolecular a-allylic alkylation of al-
dehydes and ketones by using transition-metal chemistry
and organocatalysis. The reaction is mediated by a combina-
tion of palladium and enamine catalysis promoted by pyrro-
lidine, which furnishes racemic a-allyl carbonyl compounds
in high yields. However, preliminary studies on the catalytic
asymmetric version of this reaction (Scheme 4) showed that
either (S)-proline or 1 provides a-allylic alkylated alcohols
both in low yields and enantioselectivities after in situ reduc-
tion of the corresponding aldehydes.

o)
R“\HJ\H [Pd(PPh,),] o OH
R 5 mol% \v% NaBH, g1
H
+ { )} R R! R
_~_OAc N x
(10 mol%) 70-80% vield
DMSO, RT
Catalyst 1 3h 25% vyield 74% ee
20h  45% yield 20% ee

Scheme 4. a-Allylic alkylation of aldehydes.

2.1.4. The Michael Addition of Aldehydes to Nitroalkenes,
Vinyl Ketones, Maleimides, Vinyl Sulfones, and Vinyl
Phosphonates

Asymmetric conjugate additions for C—C bond formation
are another important challenge in organic synthesis.”” The
enantioselective version of this process has also been ex-
plored with diarylprolinol ether derivatives by both enamine
and iminium ion activation. In the first case, Michael addi-
tion reactions of aldehydes to nitroalkenes?!, vinyl ketones,
maleimides, vinyl sulfones, and phosphonates have been re-
ported within the last two years. Hayashi et al.''®*! have
documented the conjugate addition of aldehydes to nitroal-
kenes catalyzed by 1 (Scheme 5). Under these conditions
the reaction is very effective with nitrostyrenes, while with
p-alkyl-substituted nitroalkenes moderate yields are ob-
tained.

o \o, T 10:20mol % o R
+ X NO; NO
Hﬁ R' hexane, 0°C—RT H 2

1-48h R

R' = Aliph 52-56% vyield
synfanti up to 94:6, 99% ee
R' = Ar 66-85% yield
syn/anti 95:5, 99% ee

Scheme 5. Conjugate addition of aldehydes to nitroalkenes.

In a related context the Michael reaction between alde-
hydes and methyl vinyl ketone was carried out with good
enantioselectivities using 2 as catalyst (10 mol %,
Scheme 6).'°! In this case, the reaction had to be run a rela-
tively high temperature (40°C) in ethanol in order to obtain
the final products in good yields and in acceptable reaction
times. Nevertheless the author reported a slight nonlinear
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o o f 7
catalyst
H/U\ + \)km _— HJ\I/\)J\R1
R R
A Ph Additive:
r
Ar
(O w (< (DT com
N otms VI N Ove
2 5 6 OH
Ar= 3,5-(CF,),CH,  Ar=3,5-Me,C.H, g
] i 60-87% yield
80-83% yield 72-93% yield 95-99% ee

92-95% ee 58-82% ee

Scheme 6. Conjugate addition of aldehydes to vinyl ketones catalyzed by
2,5, and 6.

effect in the same reaction using a related catalyst, 5, which
pointed toward the hypothesis that two molecules of the cat-
alyst were involved in the reaction mechanism and therefore
a possible iminium-type activation of the electrophile might
occur.?

On the other hand, Gellman and Chi””! showed the utility
of diphenylprolinol methyl ether 6 in the conjugate addition
of aldehydes to vinyl ketones (methyl and ethyl vinylke-
tones) under optimized conditions (5mol% of catalyst,
neat, 4°C, 24-48 h, Scheme 6) and suggested that in this
case, the reaction proceeded exclusively by enamine activa-
tion of the aldehyde. Optimum results were achieved when
the reactions were carried out in the presence of a catechol
derivative as a cocatalyst, which apparently activates the
enone by hydrogen-bond interaction to the carbonyl
oxygen.

The amine catalyst 6 was also employed by Tanaka, Bar-
bas 111, et al.®® for the Michael addition reaction of phthali-
midoacetaldehyde to nitroolefins to afford the Michael ad-
ducts in good enantioselectivity (ee values from 86% to
94 % for syn and 60 % to 86 % for anti), albeit with poor dia-
stereomeric ratios, typically 2:1. An interesting aspect is that
reactions carried out in CHCl,/brine mixtures proved to be
slightly faster than the same reactions performed in CHCl;
alone.

Very recently Cérdova et al.®”! presented the conjugate
addition of aldehydes to maleimide 7 catalyzed by 1
(Scheme 7) to afford the corresponding a-substituted succi-
nimides in good to high yields and with 97-99 % ee.

0
o ? o A
1 (10 mol %) 3 N-Ph
H + U NP CHC, H
R e RT, 24-76h R O
7 70-91% yield
97-99% ee

R = iPr, Me, nBu, Bn

Scheme 7. Conjugate addition of aldehydes to maleimides.

The first enantioselective organocatalytic conjugate addi-
tions of aldehydes to both vinyl sulfones and vinyl phospho-
nates were reported by Alexakis et al.*” Nevertheless, while

Chem. Asian J. 2008, 3, 922 -948
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the reaction with vinyl sulfones proceeds with modest enan-
tioselectivity and exhibits a great extent of retroaddition,”
the addition reaction of aldehydes to vinyl phosphonates
occurs in high yields and with enantioselectivities up to
97 % ee (Scheme 8).F%! This latter process provides syntheti-

o)
o)
P(O)OEL:, 1 (20 mol %) P(O)(OEt),
H& 4 ;,/ e A H
R P(O)OEt), CHCl;, RT R P(O)OEt),

65-85% yield
75-90% ee

Application: A new route to enantioenriched p-substituted vinyl phosphonates

o
OTBDMS
1) NaBH,, MeOH
P(O)(OEt A
H)ji\( (OXOEY: -~ goc 1h, 80% P(O)(OEY),
POXOEY) 5 TBDSCI, imidazole P(O)(OEt),
DMF, 0°C to RT,
overnight, 84%
HCHO OTBDMS

—okad) P(O)(OEY),

NaOH (50% aq.)

CH,Cl,, RT,

overnight

81%

Scheme 8. Conjugate addition of aldehydes to vinyl phosphonates and ap-
plication to the synthesis of [3-substituted vinyl phosphonates.

cally useful chiral y-geminal phosphonate aldehydes which
can be easily converted in a few steps into chiral f-substitut-
ed vinyl phosphonates, a class of intermediates with poten-
tial synthetic utility.

All the above procedures involve aldehydes as Michael
donors. It appears that ketones are poor substrate donors
for this reaction as judged by the lack of reactivity between
cyclohexanone and dimethyl 2-(4-nitrobenzylidene )malonate
in the presence of catalyst 1.V

2.2. a-Heterofunctionalization

The organocatalytic a-heterofunctionalization of carbonyl
compounds via enamine has been thoroughly investigated
and numerous different secondary amine-based catalysts
have been developed.’” Among of them, a,a-diarylprolinol
ethers have provided useful entries to a-amino, o-hydroxy,
a-halo, a-thio, and a-seleno carbonyl compunds, particularly
aldehydes.

2.2.1. a-Amination

While many examples on enolate-based asymmetric o-ami-
nations of carbonyl compounds are known,! it is only
rather recently that direct -catalytic methods have
emerged.® The direct a-amination of aldehydes with azadi-
carboxylates was independently developed by List® and
Jgrgensen®! using L-proline as the catalyst.””! In both cases
the configuration (R) of the main enantiomer is controlled
by hydrogen-bond interactions. A complementary route has
been provided by Jgrgensen!'"® using catalyst 2 (Scheme 9),
which leads to the opposite enantiomer (S). The a-aminated
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL
] 1
_CO,R! .CO,R
H)H N7 2 (10 mol %) 0 HE
r *rRocN CH.CI, H)K( “COR'
RT, 15 min R
o)

o~ NaBH,

Kl/N‘N’COJ{1 MeOH

R N 0°C

73-88% yield
90-97% ee

Scheme 9. Organocatalyzed enantioselective f-amination of aldehydes.

derivatives were isolated in high yields and excellent enan-
tioselectivities as the corresponding oxazolidinones after re-
duction of the aldehyde moiety and subsequent cyclization.

Nitrosobenzene has proven to be another promising re-
agent for the a-amination of carbonyl compounds.®*! Owing
to its high reactivity towards nucleophiles, controlling the re-
gioselectivity of either nitrogen or oxygen to preferentially
react with the nucleophile is a challenge of fundamental im-
portance. Organocatalyzed reactions of nitrosobenzene and
carbonyl compounds with proline and its derivatives have
been actively investigated to afford a-oxygenated com-
pounds as the major products.’] In sharp contrast only two
contributions on organocatalyzed direct nitrosoaldol reac-
tions of aldehydes that take place preferentially at the nitro-
gen atom have been reported.””) Recently it was found that
catalyst 1 promotes a highly regio- and enantioselective
direct oxyamination reaction of aldehydes (Scheme 10).1!
The product itself or water coming from enamine formation
has been proposed to activate the oxyamination reaction
through hydrogen-bond coordination to the oxygen atom of
nitrosobenzene.

OH
Ho/\/N‘Ph
R

60-74% yield
91-99% ee

o 1)1 (20 mol %)
CH,Cl,, 0°C, 30 min

11
+ N
H)H ‘Ph 2) NaBH,, MeOH

Scheme 10. Enantioselective oxyamination of aldehydes with nitrosoben-
zene.

2.2.2. a-Hydroxylation

Direct enantioselective c-oxidation of aldehydes using mo-
lecular oxygen and catalyst 1 was presented by Cérdova in
2006 (Scheme 11).%1 The corresponding diols are obtained

(o}

o
H)K’ o, _1(@omol%) )KKOH NaBH o~ O
R* 2 TTPP(mo%y | H MeOH R
0°C, 6h R

50-76% yield
74-98% ee

Scheme 11. Enantioselective a-hydroxylation of aldehydes. TPP =tetra-
phenylporphine.
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after in situ reduction in moderate to good yields and with
up to 98 % ee, thus providing a route to enantioenriched 1,2-
diols. Electrophilic singlet molecular oxygen was photo-
chemically or chemically generated.

2.2.3. a-Halogenation

Various chiral amines can catalyze the direct enantioselec-
tive a-halogenation of carbonyl compounds.”” For example,
the enantioselective o-fluorination® of aldehydes was ach-
ieved almost simultaneously by Jgrgensen,'"™*! Barbas
L") and MacMillan™*! in high yields and enantioselectivi-
ties. While Barbas III and MacMillan used imidazolidinone
derivatives as catalysts, Jgrgensen found diarylprolinol silyl
ether 2 as an efficient catalyst for this transformation
(Scheme 12). A screening showed that with catalyst 2 high

(o]

A

R

o)
)H PhO,S. -SO,Ph 2 (1 mol %)
H + r MTBE

R RT, 2-6h

Ho/\(F NaBH,

R MeOH
55-75% yield 0°C
91-97% ee

Scheme 12. Organocatalyzed enantioselective a-fluorination of alde-
hydes.

asymmetric induction is obtained, and after optimization of
the reaction conditions it was found that by decreasing the
catalyst amount to 1 mol % and using a slight excess of alde-
hyde higher yields are provided, while the high enantiomeric
excess is maintained. The corresponding optically active
fluoro alcohols could be isolated in moderate to high yields
and with excellent enantioselectivity after NaBH, reduction.
The activity of the catalyst turned out to be highly depen-
dent on the solvent. Thus, in solvents such as methylene
chloride or acetonitrile, desilylation of the catalyst was ob-
served. This side reaction did not take place in methyl tert-
butyl ether at room temperature, allowing the diminution of
the amount of the catalyst to 1 mol%. In this case, a com-
parison of the properties of catalyst 2 with the imidazolidi-
none catalyst used by both Barbas III**! and MacMillan!*!
shows that both systems give excellent enantioselectivities.
However, higher catalytic activity of 2 leads to shorter reac-
tion times. The higher reaction rate observed using 2 allows
a lower catalytic loading (0.25 to 1 mol %), while the imida-
zolidinone system required 2.5 to 100 mol %. Other comple-
mentary catalysts such as L-proline,***! L-proline amide,*
and (R,R)-2,5-diphenylpyrrolidine™ all gave poor yields
and enantioselectivities.

In 2005 Jgrgensen’s group presented the o-bromination of
aldehydes with compound 8 in the presence of catalyst 2
with excellent asymmetric induction (Scheme 13).1° Com-
pared to the use of (R,R)-2,5-diphenylpyrrolidine previously
used by the same group for the same transformation,*! cata-
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0 0 )
HJ\‘ fBu BU 5 (20 mol %) H)krsr
R _ 2Omolh)
CH,CI
R -24°C, 90 min R
Br Br
8
R = iPr, Bu, Adamanty! Ho/\(B’ NaBH
i MeOH
0°C

71-74% vyield
94-95% ee

Scheme 13. Organocatalyzed enantioselective o-bromination of alde-
hydes.

lyst 2 has several advantages, such as easier synthesis of the
catalyst and no need for mixed solvents and additives such
as benzoic acid and water. Furthermore, 2 gives superior
enantioselectivities.

2.2.4. a-Sulfenylation

The first report concerning the a-sulfenylation of ketones
and aldehydes appeared in 2004, but no enantioselectivities
were reported.”! Later on, the group of Jgrgensen showed
that a highly enantioselective a-sulfenylation of aldehydes is
feasible by using 2 as the catalyst and 9 as the sulfur electro-
phile (Scheme 14).'Y Under these conditions and after
NaBH, reduction the corresponding a-sulfenylated alcohols
were isolated in high yields and excellent enantioselectivi-
ties.

o Ph o
H)S .S 2 (10 mol%) H)J\(Svph
R N":‘ toluene
N} RT, 3h R
N
° S.__Ph
HO NaBH,
R MeOH
60-94% yield 0°C
95-98% ee

R = Et, iPr, tBu, Allyl, Bn, Me

Scheme 14. Organocatalyzed enantioselective a-sulfenylation of alde-
hydes.

More recently, Armstrong et al.””! documented an original
protocol for the enantioselective synthesis of vinyl glycines
(Scheme 15), which combines the above organocatalytic a-
sulfenylation of aldehydes with an olefination step and a ste-
reospecific [2,3]-sigmatropic rearrangement. In this case the
one-pot organocatalytic a-sulfenylation/olefination is ach-
ieved with 10 as the sulfur source and catalyst 2.

2.2.5. a-Selenenylation

The only access to chiral a-seleno aldehydes reported until
very recently relied on a “chiral pool” approach that in-
volved multistep procedures.”!! However, Marini, Mel-
chiorre, et al.®? have just presented the first organocatalytic
a-selenenylation of aldehydes promoted by 2 in the pres-
ence of para-nitrobenzoic acid in toluene at 0°C. The a-
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9] SnHex 2 (10 mol %) nHexS
+ N—-N toluene, RT, 5h H
H £ then R Co,Et
R N (EtO),P(0)CH,CO,Et
2 e 52-79% vyield
10 nBuLi, CH,Cl,, -78°C, 1h 86.93% v
O_N,Boc
nHexS_
NBoc Et0,C” 'CO,Et
R/\/\COEE’: (1.05 equiv)
P(OEt), CH,CI,
TEA 79-87% yield -78°C to RT
RT, 1h
NHBoc R = Me, iPr, Bn, Allyl, (CH,),0TBS
R™X"COo,Et

88-94% yield

Scheme 15. One-pot asymmetric a-sulfenylation/olefination of aldehydes
followed by [2,3]-sigmatropic rearrangement .

seleno aldehydes were reduced in situ to the corresponding
alcohols, which were obtained in excellent yields and enan-
tioselectivities (Scheme 16). Under the same reaction condi-

o 2 (5 mol %)
o p-NO,C,H,COOH OH
H)H + N-SePh (5 mol %) NaBH, K(SePh
toluene (0.5m)  MeOH R
R 0 0°C /40 h

81-99% yield

R = Me, iPr, Et, Bu, PhCH,, Allyl, CH,SCHj, {Bu 95-99% ee
(o]
Osge-ph er,

h
a) BZNCO

NaBH, SeP | I\
[W’P"”H “bymCPBA "F’r“\ BNy
OH KOH BzHN . O

o] 99% ee 96% ee
H SePh 84% overall yield
iPr

SePh

a) BnNH, /MgSO

M ) \mk/NHBn

b) CH,CO,H iPr

NaBH,(CN) 98% ee

60% yield

Scheme 16. Organocatalyzed enantioselective a-selenenylation of alde-
hydes and their synthetic transformations.

tions the use of benzoic acid as an additive afforded similar
enantioselectivities, but lower yields. The method proved
successful for aldehydes with a wide range of substituents,
including alkyl, alkenyl, and heterosubstituted groups. In ad-
dition, this organocatalytic enantioselective a-selenenylation
reaction provides highly versatile chiral building blocks for
different synthetic transformations that lead to valuable op-
tically active compounds, as outlined in Scheme 16.

3. f-Functionalization of Carbonyl Compounds

Chiral secondary amines are also effective catalysts for
enantioselective f(-addition to a,B-unsaturated carbonyl
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compounds.” In this case, the catalyst activates the sub-
strate through the iminium ion mechanism,® thereby facili-
tating the addition of the nucleophile to the -carbon atom.
This reaction protocol has been developed organocatalyti-
cally in the presence of diarylprolinol ether derivatives for a
number of different reactions, including the formation of
C—C, C—N, C-0, C-S, and C—P bonds, as summarized below.

3.1. Carbon-Carbon Bond-Forming Reactions

3.1.1. The Michael Addition of Carbon-Centered
Nucleophiles to a,f-Unsaturated Aldehydes

The B-functionalization of carbonyl compounds through the
Michael addition reaction of carbon-centered nucleophiles
has been investigated using active methylenes, aminonitriles,
and a,o-dicyanoolefins as donors. For example, the conju-
gate addition of malonates to f-aryl-substituted o,B-un-
saturated aldehydes catalyzed by 2 yields Michael adducts
in good yields and excellent enantioselectivities
(Scheme 17).5* Among the solvents examined for this trans-

o COR! 74
Lt ’ _2(10mol %) COR
H"™~"R  "coR' EtOH,0°C )
4 days COR
R=Ar 69-95% yield
R'= Me, Bn 86-95% ee
F
@ o\ © OMe
fop » LS
. CO,Me - (j/\o
AN)
Chiral lactones ’Tj
” . 1/2 HCI
(+)-femoxetine
(-)-paroxetine

Scheme 17. Conjugate addition of malonates to o,p-unsaturated alde-
hydes.

formation, primary alcohols were optimal and the best re-
sults were obtained with MeOH and EtOH; in the latter,
full conversion was attained after four days with excellent
enantiomeric excess (89-92% ee), while in MeOH and, in
spite of the higher ee value, conversion was much lower
compared to EtOH. In all the other tested solvents (CH,Cl,,
Et,0, CH;CN, DMSO, hexane, H,O, acetone) no or low
conversion was observed with the exception of DMSO
(46% conversion, 81% ee). On the other hand, aliphatic
a,B-unsaturated aldehydes did not react with only malo-
nates, but reacted with both the malonates and ethanol (sol-
vent) under these reaction conditions. This protocol has
been successfully applied to the synthesis of lactones, (—)-
paroxetine, and (+)-femoxetine.

Recently Enders et al.® reported the first asymmetric
conjugate glyoxylation of (-alkyl- and [-aryl-substituted
a,B-unsaturated aldehydes employing racemic aminonitriles
as donors and in the presence of 2 as the catalyst
(Scheme 18). After reduction and TBS protection or conver-
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0 O NC @

N 1 (20 mol %)
———————— H OB
HMR + )\H/OtBu toluene, RT M !

Ne 0O R O
(GRS
R = Me, Et, iPr, Ph, 2-Furyl NaBH,
THF, MeOH
(j TBSCl or 0°C, 1h
NC. N (-)-camphanoyl
R*O\/\)S{OtBu chloride NG N
27 Imidazole, THF HO\/\)*{WOtBu
R O 0°C, 15 min :

i R O
R'=TBS, or (-)-camphanoyl

aq 2N AgNO,
THF-H,0, 2h, RT

o
R1O\/\)J\H/Ot8u

R O R'= TBS, 83-87% ee

Scheme 18. Conjugate glyoxylation of a,f3-unsaturated aldehydes.

sion into camphanoyl derivatives of the resulting alcohols,
the final 3-substituted 2-ketoesters were obtained in accept-
able yields over the four steps.

Prolinols have previously been reported to fail to activate
enals owing to the formation of unreactive protonated cyclic
N,0-acetals.'">] However, using catalyst 11 Deng et al.>®
presented the first highly regio-, chemo-, diastereo-, and
enantioselective direct vinylogous Michael addition of a,o-
dicyanoolefins to (3-alkyl- and B-aryl-substituted o,f-unsatu-
rated aldehydes (Scheme 19). Under the same conditions, a
slightly lower ee value was obtained with the methyl ether
derivative 6. On the other hand, this methodology provides
facile access to various attractive enantioenriched multifunc-
tional compounds.

NC. CN 11 (20 mol %)
. p-NO,-C,H,CO,H )
RS R~ (20 mol % )
H + R~ i
Gy CHO “1hF, sooc, 96h iy
R R Yield: 55-83%
R' = Me, nPr, nBu, iPr, Ph, p-CI-C¢H,, p-MeO-C,H, ee: 82-95%
X=CH, 0, S
K,CO,
NC.__CN _CHO| TBAB
H 54% yield, 89% ee 18% yield, 89% ee
Ph OH
89% ee

NC CN
NaBH(OAc), Hanﬂ, \/
EE—— ester H

Ph
6 1

Scheme 19. Vinylogous Michael addition of a,a-dicyanoolefins to o,f-un-
saturated aldehydes and elaboration of the Michael adducts.

74% yield
(two steps),
89% ee
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3.1.2. The “Ene” and Diels—Alder Reactions with a,[3-
Unsaturated Aldehydes

The asymmetric ene reaction is a useful carbon-carbon
bond-forming reaction.”! Although several excellent exam-
ples have been reported, no highly enantioselective intermo-
lecular reactions using an alkene as the enophile was known
until Hayashi reported the intermolecular ene reaction of
cyclopentadiene with $-aryl a,fB-enals catalyzed by diphenyl-
prolinol silyl ether 12 (Scheme 20). In this reaction the ad-
ditive is also important: The strong trifluoroacetic acid does

12 (10 mol %)
fo) p-nitrophenol

(20 mol %)
H)J\/\Ar + @

MeOH, 20h, RT H

NERULS.
LA

60-84% yield
14/15 40:60 to 82:18
77-95% ee

N
H OTBS

12

Scheme 20. Asymmetric ene reaction of cyclopentadiene with o,f3-enals.
TBS =tert-butyldimethylsilyl.

not promote the reaction in methanol and only affords the
dimethyl acetal of cinnamaldehyde instead. When 20 mol %
of p-nitrophenol was employed in combination with the cat-
alyst, the reaction rate increased and good yields and excel-
lent enantioselectivies were attained. Strikingly, catalyst 13
showed complete inactivity in the present reaction.

This reaction is also the first in which cyclopentadiene
acts as the ene component in an ene reaction with a,-enals,
despite the numerous reports of it acting as a diene in the
Diels-Alder reaction. MacMillan®™ was the first who
showed the effectiveness of the iminium activation strategy
for the Diels—Alder reaction® giving the corresponding
endo adducts in excellent enantioselectivities. Interestingly,
when the “ene” reaction shown in Scheme 20 is performed
under acidic conditions, its course changes dramatically.
When cinnamaldehyde and cyclopentadiene were treated
with catalyst 12 in the presence of CF;CO,H in toluene, the
corresponding Diels—Alder adduct was obtained in good op-
tical purity in spite of the low yield. Most remarkably, the
exo isomer was produced predominantly.®!! After optimiza-
tion 3,5-bis(trifluoromethyl) phenyl-substituted catalyst 16
was found to be a superior catalyst for the reaction afford-
ing the Diels—Alder adducts in high exo selectivity and ex-
cellent enantioselectivities (Scheme 21).

Catalysts 1 and 17 have also proven to be good in promot-
ing the reaction between some 3-substituted-but-2-enals and
o,pB-unsaturated aldehydes to afford the [4+2] adducts in
high enantioselectivities (Scheme 22).1°”! Nonetheless, in the
case of 4-methyl-2-pentenal (R'=iPr) more than 40% of
the aldol dehydrated product 18 was also obtained.
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16 (10 mol %)

)v CF,CO,H
20 mol %)
R = Me, Pr, iPr, Ph, Furyl toluene RT
endo
CF, 67%-quant. yield
CF, exolendo up to 86:14
O 84-97% ee (exo)
OTES CF,

Scheme 21. Enantioselective exo-Diels—Alder reaction between cyclopen-
tadiene and a,f-enals. TES =triethylsilyl.

CHO CHOo catalyst (20 mol %)
+ ] mol %
| PhCO,H (20 mol %)
R! toluene, -20°C
R 5-96h R!

R H, OAC, ~(CHy)y-
= CH,0Ac, 0-(NO,)-CgHa, Ph, iPr, Et

CHO
H Y X B
OTMS

17 18
14-72% yield
82-(-98)% ee

N
H  otms
1

13-73% yield
72-98% ee

Scheme 22. [44-2] reactions of o,p-unsaturated aldehydes catalyzed by 1
and 17.

3.1.3. 1,3-Dipolar Cycloaddition Reactions with a,3-
Unsaturated Aldehydes

The catalytic asymmetric [3+2] cycloaddition reaction can
be considered as one of the most powerful and reliable tools
for the enantioselective synthesis of five-membered hetero-
cyclic systems.® Within the context of organocatalysis two
significant contributions using prolinol ether derivatives,
which complement the first breakthrough in this area,®
have been reported. One is the 1,3-dipolar cycloaddition re-
action of nitrones to a,f-unsaturated aldehydes catalyzed by
the triflate salt of 1 to provide oxazolidines in high yields
and excellent diastereo- and  enantioselectivities
(Scheme 23).1"! The cycloaddition seems to be quite general
with respect to both the nitrone and the dipolarophile struc-
ture. Independently, Cérdova et al.l*! showed that this reac-
tion can be performed starting from hydroxylamines and sa-
turated aldehydes without the need of preparing the nitrone
in a separate step.

The other contribution on this subject was recently re-
ported by Vicario and implies the first organocatalytic enan-
tioselective [3+2] cycloaddition reaction between a,f3-unsa-
turated aldehydes and azomethine ylides promoted by
either catalyst 11 or 19 (Scheme 24).1-%! The reaction pro-
ceeds with complete regioselectivity and with very high dia-
stereo- and enantioselectivity to furnish almost stereoiso-
merically pure, highly functionalized polysubstituted pyrroli-
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1 (10 mol %)
S HOTf
j\ﬁ z.8° (10mol %)
HR o+ L
R! toluene RT
Z=Bn, Me, 3.5d
R" = Ph, Naph endo

R = Me, H, CO,Et 61-96% yield

endo/exo: up to 99:1
66-96% ee (endo)

Scheme 23. [342] Cycloaddition of o,f-unsaturated aldehydes and nitro-
nes.

e}
11 (20 mol %) OHC,
CO,Et ; 2
HK/\R . R1\¢N\|/ 251 H,0 (4 equiv) CO,Et

COEt  THE 4C  R"N"COEt
72-93% yield
endolexo: 91:9 to
> 95:5
85-99% ee (endo)

F.C CF,
) (J e O

OTMS

R = Me, Et, nPr, nBu, iPr, Ph,
p-NO,C¢H,, p-MeOC4H,

" 19 1

Scheme 24. [342] Cycloaddition reaction of azomethine ylides with a,3-
unsaturated aldehydes.

dines in excellent yields. After optimization THF was found
to be the best solvent for this reaction, and remarkably, the
authors observed that the inclusion of water as an additive
resulted in significant acceleration of the reaction to furnish
the expected cycloadducts in better yield in the same reac-
tion time. The incorporation of acid additives, however, led
to significantly lower yields under the same conditions. The
necessity of the free OH group in the catalyst structure was
verified by the lack of catalytic activity of the protected de-
rivative 1. Almost simultaneously Cérdova et al.®! present-
ed an organocatalytic asymmetric multicomponent 1,3-dipo-
lar cycloaddition starting from an aldehyde, an amino acid
derivative, and an o,f-unsaturated aldehyde to give highly
functionalized pyrrolidines. In this case the authors report
the inactivity of catalyst 11 for this reaction and present cat-
alyst 1 as the best, which affords the expected cycloadducts
in moderate yields (50-63%) and diastereoselectivity, but
with excellent enantioselectivity (90-98 % ee).

3.2. f-Heterofunctionalization

The conjugate addition of heteroatom-centered nucleophiles
to enals in the presence of a,a-diarylprolinol ether deriva-
tives has also been the focus of intensive research. Several
different types of nucleophiles, such as nitrogen-, oxygen-,
sulfur-, and phosphorous-based Michael donors, have been
shown to be successful in forming the corresponding C—X
bond with high enantioselectivity.
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3.2.1. C—N Bond-Forming Reactions: The Aza-Michael
Reaction

The aza-Michael reaction, in which an amine is added to the
B-position of a carbonyl compound, has found a multitude
of applications in organic synthesis."” The resulting f-amino
carbonyl compounds are constituents of many natural prod-
ucts and can be used as chiral intermediates for the prepara-
tion of pharmaceutical agents. For example, Cérdova et al.
reported the conjugate addition of simple N-hydroxy carba-
mates to enals with high yields and enantioselectivities in
the presence of 1 (Scheme 25).Y In this case the Michael

HJ‘J\/\ + R1O)J\N’OH (20 mol %) HO“C{\I)J\OR'
R 3

N CHCl, 4°C

R
R= Ar, nBu, nPr, COzEt 75-94% vield
1= yie
R'=iBu, Bn 90-99% ee

Scheme 25. Aza-Michael reaction of N-protected hydroxylamines to
enals catalyzed by 1 and subsequent 1,2-addition to afford 5-hydroxyisox-
azolidines.

adduct underwent intramolecular 1,2-addition to furnish 5-
hydroxyisoxazolines. This approach complements the first
metal-induced™ and metal-free™ catalytic contributions on
the conjugate addition of carbamates to o,f3-unsaturated car-
bonyl compounds.

Similarly o,0-diphenylprolinol trimethylsilyl ether 1 effi-
ciently catalyzes the enantioselective conjugate addition of
N-methoxycarbamates to o,f-unsaturated aldehydes’
(Scheme 26). Moreover, the reaction may be linked in cas-

o MeO. _R'
1 (20 mol %) o N

H CHCl, SR

R = Ar, Me, nPr, nBu, CO,Et

62-80% yield
R'=Cbz, Boc

82-99% ee

Scheme 26. Direct catalytic conjugate addition reactions between N-me-
thoxycarbamates and a,f-unsaturated aldehydes.

cade with organocatalytic Mannich reactions to give the cor-
responding protected chiral diamines with high enantioselec-
tivity (see Section 6.3.3).

Nitrogen heterocycles are another group of nucleophiles
employed in enantioselective organocatalytic aza-Michael
reactions. In this context, Jgrgensen and co-workers™ re-
ported a study on the conjugate addition of 1,2.4-triazole,
1,2,3-triazole, 1,2,3-benzotriazole, and 5-phenyltetrazole to
o.p-unsaturated aldehydes using 2 as catalyst (Scheme 27).
The reaction with 1,2,4-triazole proceeded with complete re-
gioselectivity and high enantioselectivity at room tempera-
ture, while in the reactions with other heterocycles, the tem-
perature turned out to be a key parameter to be controlled
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[
o N 2 (10 mol %) o N«N
d PhCO,H (10 mol %)
\
H)K/\R + N\N) 2 > HUR
H toluene, RT
78-87% yield
R: Et, nBu, Hep, iPr, Ph 92-94% ee
Cl
1) 2 (10 mol %)
[e]
PhCO,H (10 mol %)
HJ\/\R + Q toluene, -20°C Q
H - "
2) NaBH,
R: Et, iPr 3) p-CIC,H,COCI o O/\)\R
QLM O
N/ = N\N»—Ph L I N
H H ~ N
45-66% yield 50-77% yield
85-92% ee ~3:2 regioisomer ratio

80-91% ee

Scheme 27. Enantioselective conjugate additions of N-heterocycles to
a,pB-unsaturated aldehydes.

because of the tendency shown by the adducts to racemize
at room temperature. This led to the need for in situ reduc-
tion/esterification of the obtained adducts. Furthermore,
while the reaction with 5-phenyltetrazole proceeded with
complete regioselectivity, the use of 1,2,3-triazoles led to the
formation of mixtures of regioisomers, which were separated
by chromatography and isolated as highly enantioenriched
compounds.

3.2.2. C—O Bond-Forming Reactions: The Oxa-Michael
Reaction

The stereoselective addition of oxygen-centered nucleo-
philes to Michael acceptors has received little attention over
the years despite the potential utility of the resulting prod-
ucts in synthesis. The relative weakness of O nucleophiles,
together with problems associated with reaction reversibility,
has hampered the development of general methods for this
transformation.” As a result, stereoselective variants of this
reaction have been mainly limited to O-conjugate addition
reactions of chiral alkoxides to highly activated acceptors,””!
intramolecular hemiacetal alkoxide conjugate additions,”®
and some examples of tandem organocatalytic—asymmetric
ring-closure processes involving a phenol (see Section 6.3.1).
The first enantioselective intermolecular addition reaction
of O nucleophiles was presented by Vanderwal and Jacob-
sen” in 2004 wherein aromatic oximes successfully added
to a,pB-unsaturated imides in the presence of salen—alumi-
niun complexes. Very recently Jgrgensen et al.*” reported
the first organocatalytic intermolecular B-hydroxylation of
enals through a Michael addition of aromatic oximes in the
presence of 2 as catalyst (Scheme 28). Under these condi-
tions and after NaBH, reduction the corresponding alcohols
are isolated in good yields and excellent enantioselectivities.
Deprotection of the oxime function by hydrogenation allows
access to 1,3-diols. One limitation of this methodology is
that a,f-unsaturated aldehydes having aromatic substituents
do not react under these reaction conditions.
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Ph
1) 2 (10 mol %) "
° PhCO,H (10 mol %) oV
H g+ N P toluene, 4C PRGN
HT > R 7 HO ™" 5 NaBH,, MeOH HO R
- 0, I
R = Et, Me, Pr, Bu, Hep, iPr, CO,Et gg_g% i'eeld
Deprotection of the 1,3-diol:
Ph
'l\lf
o OH
: PA(OH),/C, H ;
MeOH
83% vield 95% vield
96% e °Y

Scheme 28. Enantioselective fB-hydroxylation of a,B-unsaturated alde-
hydes by Michael addition of oximes.

3.2.3. C—=S Bond-Forming Reactions: The Sulfa-Michael
Reaction

The addition of thiols to electron-deficient olefins is an im-
portant tool in the formation of C—S stereocenters.®!! The
iminium-activation strategy has been applied successfully in
a series of conjugate additions of thiols to conjugated car-
bonyl compounds. Most of these transformations involve
domino processes wherein bifunctional aromatic thiols act
as nucleophiles in the first step and incorporate an addition-
al electrophilic functionality (see Sections 6.3.4 and 6.3.5).
Jgrgensen and co-workers reported the use of 2 as an effec-
tive catalyst in the intermolecular Michael-type addition of
thiols to a.p-unsaturated aldehydes (Scheme 29).5% B-Ali-

1) 2 (10 mol %) _R!
o PhCO,H (10 mol%) S
H)v/R + R'-SH toluene, -24°C HO R

2) NaBH,
R = Ar, Aliph 73-87% yield

R"= tBu, Bn, EtO,CCH,~ 89-97% ee

Scheme 29. Enantioselective conjugate addition of thiols to a,fB-unsatu-
rated aldehydes.

phatic and (-aromatic enals reacted with several aliphatic
thiols in good yields and excellent enantioselectivities, both
determined following reduction of the first-formed -thioal-
dehydes to the (-thioalcohols. At room temperature, the Mi-
chael adducts were found to rapidly racemize. However, by
performing the reactions at low temperature (—20-30°C),
racemization could be suppressed, but addition of an acid
cocatalyst was required, presumably to catalyze iminium ion
formation. This protocol was also applied to a multicompo-
nent domino sulfa-Michael amination process (see Section
7.1, Scheme 57).

More recently Oriyama®! presented a solvent-free orga-
nocatalytic conjugate addition of thiols to enals catalyzed by
20 (Scheme 30). The reaction proceeds without any organic
solvent, albeit in water or brine the reaction also takes
place, giving the corresponding chiral sulfides in high enan-
tioselectivities (92-99% ee) for tert-butyl mercaptan and
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1) 20 (10 mol %)

o R PhCO,H (10 mal %)
solvent-iree, SR2

HMR + RSH  (2030)°C :
2)NaBH, MeOH  HO™ 'R

R? = tBu 53-90% vyield, 92-99% ee
R%?=Bn 52-71% vyield, 85-88% ee

Scheme 30. Enantioselective conjugate addition of thiols to enals. TBS=
tert-butyldimethylsilyl.

slightly lower enantioselectivities (85-88% ee) for benzyl
mercaptan.

3.2.4. C—P Bond-Forming Reactions: The Phospha-Michael
Reaction

The phospha-Michael addition, that is, the addition of a
phosphorous nucleophile to an electron-deficient alkene,
represents one of the most versatile and powerful tools for
the formation of P—C bonds since many different electro-
philes and P nucleophiles can be combined with each
other.®™ However, a very limited number of examples can
be found in the literature on organocatalytic enantioselec-
tive phospha-Michael additions.® Recently, a general pro-
cedure for carrying out the conjugate addition of diphenyl-
phosphine to o,p-unsaturated aldehydes was almost simulta-
neously described by Melchiorre®® and Cérdova®”
(Scheme 31). This transformation presents inherent difficul-
ties because of the reversibility of the nucleophilic attack

o]

Ph. _Ph
HMR *

P
H
R = Me, Et, iPr, CH,CH=CH, Ar

2-F-C¢H,CO,H
1or2 or p-NO,-C;H,CO,H
(10-20 mol%) | (10-20 mol %)

Et,O or CHCI,

Ph,_ Ph
o P

o

NaCIlO
NaBH, a) BnNH,/ ab
NaBH,
b) CH,CO,H

NaBH, o
.BH Ph_ 7 _Ph
Ph,” ™ ph,p- o Jok/i
AN H 2

HO R BRHN" R HO R

R = Aliph, Ar R =4-CICH,, 65% yield
60-92% yield R = Ph, 71% yield 92% ee
75-99% ee 87% ee Cérdova
lc\;llglgi;i?arre, Melchiorre

Scheme 31. Enantioselective hydrophosphination of o,f-unsaturated alde-
hydes catalyzed by 1 or 2 and applications of the adducts.
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and competition between 1,2- and 1,4-addition to the enal.
Melchiorre presented the catalytic system 2/p-nitrobenzoic
acid as the most promising one for this transformation in
Et,0 at room temperature whilst Cérdova reported catalysts
1 and 2 in combination with 2-fluorobenzoic acid for the
same reaction in chloroform at 4°C. In both cases the corre-
sponding (-formylphosphines were reduced in situ with
NaBH, to the air-stable alcohol derivatives. The reaction
was efficient and highly enantioselective for a,f-unsaturated
aldehydes with either aliphatic or aromatic [(-substituents.
The utility of this hydrophosphination was also demonstrat-
ed by the one-pot conversion of the aldehyde intermediates
into enantioenriched 3-amino-phosphine derivatives by
in situ reductive amination and by the synthesis of [3-phos-
phine oxide acids.

4. y-Functionalization of Carbonyl Compounds

As previously outlined, and despite the fundamental analo-
gies in the structure of the catalysts and substrates, the
mechanisms for the o- and p-functionalization of carbonyl
compounds promoted by secondary amines are different. In
this context, Jgrgensen and co-workers®™ documented a
new mechanism for the functionalization of a,f-unsaturated
carbonyl compounds, which seems to occur through a diena-
mine intermediate (Scheme 32). They disclosed that secon-

Dienamine
Catalysis

o] \N/
HJ\[H H
R

Scheme 32. Dienamine catalysis.

y-Functionalization

dary amines, and in particular 2, can invert the common re-
activity of a,fB-unsaturated aldehydes, thereby transforming
an electron-poor alkene into an electron-rich diene. As an
example of this inverted reactivity, the authors reported the
electrophilic y-amination of o,(3-unsaturated aldehydes with
diethylazodicarboxylate (DEAD) to give the y-aminated
products in high enantioselectivity, although in moderate
yields (Scheme 33). Computational and experimental inves-

0 9
i 2 (10 mol %) _CO.Et
| Eto?C\N PhCO,H (10 mol %) | KN :
+ " ‘N\
N\COZEt toluene ~CO,E
R R

40-58% yield

99-93% ee

R = Me, Et, Pr, Hex, Pent-2-ene-yl, CH,Ph, iPr, CH,SCH,

Scheme 33. Organocatalytic y-amination of o,f-unsaturated aldehydes.
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tigations indicate that this y-amination might be the result
of a [4+2] cycloaddition reaction between DEAD and the
chiral dienamine formed in situ with the catalyst.’*!

5. Enamine- or Iminium-Induced Tandem
Reactions

Some examples which combine reactions that occur via en-
amine or iminium catalysis with a subsequent reaction at a
remaining carbonyl moiety have been reported. In 2006, the
2-catalyzed one-pot Michael-aldol reaction of o,f3-unsaturat-
ed aldehydes and f-ketoesters was reported for the prepara-
tion of cyclohexenones.” The first step of the process is the
Michael addition of the active methylene to the enal by imi-
nium activation, followed by the aldol reaction at the formyl
group. In this case, the final intramolecular aldol reaction
required assistance by heating of the mixture in the pres-
ence of an acid cocatalyst, which also induced a hydrolysis/
decarboxylation process, leading to the formation of target
compounds, with excellent yields and enantioselectivities
(Scheme 34).

o o o
R 1) 2 (10 mol %),
\MOfBu )ne(at, mol%) R 56-98% yield
- - _Q50,
o 2) p-TsOH (20 mol %) u,RWBO 95% ee

WS R

Scheme 34. One-pot Michael-aldol reaction of enals and (-ketoesters.

toluene, 80°C

Using an analogous methodology Toste et al. presented
the organocatalytic Robinson annulation reaction between
ketoester 21 and crotonaldehyde, which gave 2-allylcyclo-
hexanone 22 in 88% ee and 72% yield (Scheme 35).°"

O @]
\/\)J\/U\
OC(CHy); 1) 2 (10 mol %),
21 neat, 0°C, 60h X
+ 2) TsOH, toluene, reflux 0 22

72%, 88% ee

\ 3 steps
H

(+)-fawcettimine

Scheme 35. Organocatalytic asymmetric synthesis of dienone 22.

Moreover, the reaction performed well on a multigram
scale, providing nearly 10 g of product 22 in a single run, to
give a key substrate en route to (+)-fawcettimine, a class of
Lycopodium alkaloids.””
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Highly functionalized epoxycyclohexanone derivatives 25
with up to four stereocenters can be obtained by a 2-cata-
lyzed domino Michael/Darzens reaction (Scheme 36).

0O O 0O O
Cl\)J\/lkOR1 a) 2 (10 mol %) OR'
2 NaOAc, CH,Cl,, RT O
+ b) K,CO, DMF 25 R
07> R 40-56%, 84-97% ee
24 d.r. > 99:1
(after decarboxylation)
l lKZCOJDMF
0O O
6 o NaOAc cl 1
OR
Cljij,f“\OR1 — ,
HO "R

alternatively:
TEA (5 mol %)
Na,SO,, 50°C

o O

Cl OR’

“R
R = Me 27

Scheme 36. Asymmetric Michael/Darzens reaction for the synthesis of
epoxycyclohexanone derivatives.

This process starts with the conjugate addition of the -
chloro-f-ketoester 23 to the activated enal 24. The Michael
addition is followed by a Darzens reaction facilitated by
NaOAc, to promote first the aldol addition, and then by
K,CO; for the final intramolecular Sy2 displacement to
form the epoxide. The overall yields and enantioselectivities
are good, but the diastereocontrol is only moderate as the
stereocenter between the ketone and ester is not configura-
tionally stable, which explains the diastereomeric ratio (d.r.
from 4:1 to 7:1). Nevertheless, after decarboxylation only
one diastereomer can be detected (>99% diastereomeric
purity). The high stereocontrol of the remaining stereocen-
ters is a consequence of the intramolecular epoxide forma-
tion, as only one conformation of 26 is energetically favored.
The authors postulate a reversible aldol addition whereby
the diastereomers of 26 are in equilibrium, and irreversible
epoxide formation to afford the products in overall good
yield. Alternatively, depending on the base, the reaction can
be directed towards the synthesis of 2-chlorocyclohex-2-
enones 27. Oddly, starting from 4-bromoacetoacetate and
under similar conditions cyclopentane derivatives are ob-
tained (see Scheme 48).

In this context and as a further application of diaryl proli-
nol ether derivatives in asymmetric reactions, Hayashi®!
presented a highly enantioselective tandem Michael/Henry
reaction promoted by 1, which affords, in a single operation,
substituted chiral nitrocyclohexanecarbaldehydes with excel-
lent diastereo- and enantioselectivities and control of four
stereogenic centers (Scheme 37). Different organic solvents
were tested in this reaction (CH,Cl,, toluene, N,N-dimethyl-
formamide, hexane, and THF), and although the reaction
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o o 1 (10 mol %) DHC,;
+ /-{\\/NOZ —_—
HWH R THF, RT R\\\' OH

O 45-71% yield MO,
97-99% ee
T [ro
H , otms ]
(o L( )
N

(- (f“
#~H o R

Michael Henry h:JOz

reaction reacticy
CHO
N\ . &0
R/\\/Noz o] N
H H
S} R
L NO,

Scheme 37. Catalytic asymmetric tandem Michael/Henry.

proceeded in all cases, the best yields and diastereoselectivi-
ties were attained in THF. Water was also examined, but the
reactions in this solvent scarcely proceeded. The reaction is
fast with electron-deficient aryl-substituted nitroalkenes,
while it is slow with electron-rich, aryl-substitued ones. Not
only aromatic groups but also heteroaromatic groups, such
as furan and indole could be successfully employed as the (3-
substituent of the nitroalkene. -Alkyl-substituted nitroal-
kenes may also participate in this reaction.

Very recently, Jgrgensen et al. reported an elegant ap-
proach for the organocatalytic construction of pentasubsti-
tuted cyclohexanes carrying five contigous stereocenters in
one pot. The transformation is based on the Michael/Henry
reaction of an a,B-unsaturated aldehyde and a dinitroalkane,
promoted by 2 in the presence of DABCO as the base addi-
tive (Scheme 38).””! This novel domino reaction proceeds

C|> NO, OH
J) . Hf 2 (20 mol %) NO,
\ R’
DABCO (10mol %)  _ .\,
R NO, CH,Cl, RT ROY R
NO,
R = Me, Et, nPr, iPr, nBu, yield: 43-61%
75-90% ee

CH,OTIPS, cis-C4H,y, CH,q

Scheme 38. Organocatalytic nitro-Michael/Henry catalyzed by 2.

with moderate to good yields and with high diastereo- and
enantioselectivity.

5-Hydroxypyrrolidines are accessible trough a 1-catalyzed
organocatalytic tandem reaction between 2-acylaminomalo-
nates and o,f3-unsaturated aldehydes and are formed in high
yields with 90-99 % ee (Scheme 39).”! The first step implies
the Michael addition to the iminium formed from the enal,
which is followed by the nitrogen addition to the formyl
group. Elaboration of the resulting adducts trough a decar-
boxylation/epimerization/ester hydrolysis sequence affords
3-substituted prolines.
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R1
O CO,Et o) [ S,COzEt
1 (20 mol %) /
—— > HO ‘CO,Et
RkN)\CozEt * RK\)kH MeOH, -20°C N :
H 144h 0 R
R_Me.Fh 67-74% yield
R'=Ar o yie
d.r. from 5:1 to >10:1
90-99% ee
Ph Ph
/\_j CO,Et j COE
HO" "N” "COEt EtSiH, TFA RT N~ “CO,Et
_—

o o 94% yield
74:/“ yield decarboxylation/
97% ee epimerization/

ester hydrolisis sequence
Ph Ph
{ : 1) H*

N COH e~ CO,H

. 2) (Boc),0 N

Boc

(¢]
94% yield 62% yleld

Scheme 39. Organocatalytic asymmetric synthesis of S5-hydroxypyrroli-
dines and 3-substituted proline derivatives.

Another interesting application of prolinol ethers as cata-
lysts has been recently disclosed by Jgrgensen et al. and im-
plies the 1-promoted organocatalytic asymmetric tandem
Michael/Morita—Baylis—Hillman reaction between enals and
Nazarov reagent (Scheme 40).°7 The reaction proceeds in
high enantio- and diastereoselectivity for a wide range of
o,p-unsaturated aldehydes and different (3-ketoesters. Inter-

OH

1
J) N A(0mol%) ﬁfcoﬁ
o, b
F’hCOz (10 mol %) HO ‘R

Tolusi; KT 51-69% yield
d.r. from 3:2to 11:1
86-95% ee

R = Ar, CO,Et, Et

R' = Et, tBu, Allyl ;
Hpay Intramolecular Morita-

Baylls-HlIIman Reaction

: O
mfsﬁf )

(-0 O

N
H OTMS

& F OH

R o cycle 1 COR'
CO,R! J)
yi Michael addition

CO,R! R R" 0
| il i CO,R'
.

R OH
CO,R’

cycle 2

Scheme 40. Organocatalytic Michael/Morita-Baylis—Hillman reaction.
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estingly, mechanistic studies indicate that 1 acts as the cata-
lyst in both steps.

6. o,B-Functionalization of Carbonyl Compounds:
Iminium/Enamine-Based Consecutive Creation of
C—H, C—C, and C—X bonds

Another strategy for developing organocatalytic domino or
cascade processes’” involves first iminium activation and re-
action with a nucleophile; and secondly, in contrast to the
previous examples in Section 5, the trapping of the resulting
enamine by an electrophile. This iminium/enamine approach
uses enals or enone systems to afford double-substituted
(a,pB-functionalized) products which in general contain two
stereocenters (Scheme 41).

N \%/ E \N/ 0
R ' N e

‘ ‘ * \N/ *
R R\ R Nu | - & RT TN

o, p-Functionalized
aldehydes

Scheme 41. The concept of iminium—enamine activation in domino pro-
cesses for a,fB-functionalization.

In this section the new formed bonds are classified ac-
cording to the following example: reactions in which a C—H
bond is formed at the (3-position of the carbonyl functionali-
ty (first step of the domino process that takes place through
iminium ion activation) and a C—C bond is formed at the o-
position (second step of the process that takes place via an
enamine intermediate) are referred to as “carbon-hydrogen/
carbon—carbon bond-forming reactions”. In a similar way,
carbon—carbon/carbon-carbon bond-forming reactions and
carbon-heteroatom/carbon—carbon bond-forming reactions
have been developed within this context.

6.1. Carbon-Hydrogen/Carbon-Carbon Bond-Forming
Reactions

6.1.1. The Reductive Mannich Reaction

Despite the importance of direct catalytic Mannich reactions
(see above) there was no report of a direct catalytic asym-
metric reductive Mannich-type transformation until Zhao
and Coérdova in 2006 presented the first example by an orga-
nocatalytic asymmetric domino sequence.’® Thus, in the
presence of 1 and benzoic acid as catalysts and employing a
metal-free asymmetric transfer hydrogenation followed by a
domino enantioselective Mannich-type reaction, three con-
tiguous stereocenters were assembled in a stereoselective
fashion in one pot starting from a,f-unsaturated aldehydes.
The first step of the process is the asymmetric hydrogena-
tion, which takes place by iminium ion activation and is ach-
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ieved by using Hantzsch ester'® in the presence of benzoic
acid (Scheme 42). In the second step the enamine intermedi-
ate coming from the first step reacts with N-p-methoxyphen-

)\/?k
RNy
R=Ar
1 (10 mol %)

PhCO,H (10 mol %)
CHCI,, -20°C, 63h,

HUH
EtO,C : ~| CO,Et

N
H 1.1 equiv
: e}
A,
28
90-97% ee PMP\N
PMP<
N N

J\ H™ "CO,Et

H COZEI +4°C, 24h
+4°C, 24h DMSO: CHCI;, 3:1
(R)-proline (35 mol%)
_PMP
_PMP : HN
: N
z z R < CO,Et
R™Y7COo,Et L
i HTS0 5
H0 29
R = 2-Naphthyl

54-70% yield 80% yield
d.r.: from 10:1 to 50:1 5:1dur.
95-99% ee 96% ee

Scheme 42. Direct catalytic enantioselective reductive Mannich-type re-
actions.

yl-protected a-iminoglyoxylate as the electrophile in a Man-
nich-type reaction. The reactions are carried out with 3-aryl-
substituted enals in chloroform at —20°C and furnish amino
acid derivatives in good yields with up to 50:1 d.r. and up to
99 % ee. Notably, the second C—C bond-forming step leads
to a higher enantioselectivity of the Mannich products 29 as
compared to the transfer hydrogenation products 28. When
(R)-proline in 35 mol % together with the a-iminoglyoxylate
is added to the reaction mixture after the reduction step,
diastereoisomer 30 is produced with high enantioselectivity.
Apparently, the presence of catalyst 1 does not interfere in
this latter process.

6.2. Carbon-Carbon/Carbon—-Carbon Bond-Forming
Reactions

6.2.1. Double Michael Addition Reactions

Recently an unprecedent synthesis of highly functionalized
chiral cyclopentanes'™ by catalytic enantio- and diastereo-
selective double Michael addition reactions was reported by
Tang, Wang, et al.'™! Thus, o,B-unsaturated aldehydes react
with the o,pB-unsaturated esters of type 31 in the presence of
1 as catalyst (Scheme 43). Under these conditions the cas-
cade process takes place efficiently to give chiral cyclopen-
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CO,Et
o CHO
1 0, v
H | R Ozc\(\/\cozm 1 (10 mol %)
b % COR' EtOH, RT R
31 R'0,C CO.R'

85-92% yield
d.r. from 9:1 to > 20:1

O 94-99% ee

second
1 Michael addition

first ) COgEt
“‘ 0 Michael addiion 2"
i —_—
R COR < ~eE , R
; B

Ba% B

R'O,C Re face attack R'O,C CO,R'

Scheme 43. Cascade double Michael addition reactions promoted by cat-
alyst 1 for the one-pot formation of chiral cyclopentanes.

tanes in excellent yields with excellent ee values and good
d.r. ratios. The results show that the size of the R' group of
the malonate ester moiety in 31 has a limited effect on the
process. Several 3-aryl substituted enals proved to be good
substrates for this transformation, and an example of a [3-
alkyl unsaturated aldehyde is also reported, which shows a
similarly good result. One important feature of this ap-
proach is that the reactivity of the a,p-unsaturated system
31 that participates in the second conjugate addition reac-
tion through enamine B must be high enough to allow for
the intramolecular Michael reaction, but lower than that of
the a,B-unsaturated iminium A, which was derived from the
initial o,B-unsaturated aldehyde.

6.2.2. Tandem Michael/Aldol Reactions

Chiral substituted cyclohexanes 32 are accessible from vy-ni-
troketones and a,f-unsaturated aldehydes in the presence of
catalyst 1 (Scheme 44).1'") In the first step the catalyst acti-

R R O
o o 1 (20 mol %) !
PhCO,H (20 mol %)
+ | R
, toluene, 1m H
R'  g°C,6-15d NO,
O,N
32
R =Me, Et 35-54% yield
R" = Ar d.r.: from 7.1:2.9 t09.8:0.2

68-96% ee

Scheme 44. Asymmetric organocatalytic synthesis of cyclohexenecarbal-
dehydes from y-nitroketones and a,f3-unsaturated aldehydes.

vates the enal by iminium ion formation, and this species
reacts then with the nitroketone in a Michael addition. In
the second step, the resultant enamine intermediate under-
goes an intramolecular aldol reaction with release of catalyst
1 for re-entry into the catalytic cycle. Finally the cyclohex-
ene is formed upon elimination of water from the aldol.

www.chemasianj.org 937





FOCUS REVIEWS

More recently, Wang and co-workers!'”! reported another
Michael/aldol protocol that leads to cyclopentenes. The re-
action between 33 and different aromatic enals in the pres-
ence of prolinol triethylsilyl ether 34 and NaOAc affords at
room temperature highly functionalized chiral cyclopentenes
in high yields and excellent enantioselectivities (Scheme 45).

o 00 CHO
) OMe  34(10mol%)  Am,
(- OMe NaOAc (0.5 equiv)
Ar 0 2 CI (CHy),Cl, RT MeO,C CO,Me

63-89% yield
91-97% ee

O F;C CF3

Scheme 45. Cascade Michael-aldol condensation reaction of enals with
33.

Prolinol ether 1 affords slightly lower ee values, while in the
presence of 2 no reaction takes place. On the other hand,
with B-alkyl-substituted enals almost no reaction occurs.

6.2.3. Tandem Michael/Alkylation Reactions

Iminium/enamine-based tandem Michael/alkylation reac-
tions promoted by diarylprolinol ether derivatives have
proven to be another interesting tool for the construction of
chiral cyclopropanes!'"™ and cyclopentanones."™ The reac-
tion between bromomalonates and enals in the presence of
1 and triethylamine (TEA) or 2,6-lutidine as HBr scavenger
gives the corresponding 2-formylcyclopropanes 35 in high
yields and diastereomeric ratios and excellent asymmetric
induction"™! (Scheme 46). Strikingly, catalyst 2 was not ef-
fective in this case, leading only to traces of the expected
product. On the other hand, ethyl-2-bromo-3-oxobutanoate
36 proves also to be a good substrate for the same reaction
with cinnamaldehyde.'”¥ The proposed mechanism involves
the activation of the enal by the amine catalyst through an
iminium intermediate A, in which an efficient Si-face shield-
ing leads to the stereoselective Re-facial nucleophilic conju-
gate addition by the 2-bromosubstituted malonates and [3-
keto esters. Next, the generated chiral enamine intermediate
B performs an intramolecular nucleophilic attack through
an alkylation reaction to produce the cyclopropane. The in-
tramolecular ring closure pushes the equilibrium forward
and makes this step irreversible.

More recently a one-pot combination of amine and heter-
ocyclic carbenel™ catalysis (AHCC) was disclosed for the
asymmetric synthesis of 3-hydroxy, p-malonate, and f-amino
esters from o,p-unsaturated aldehydes, which are obtained
in good to high yields with up to 97% ee (Scheme 47).11")
The mechanism implies as first step iminium activation of
the enal followed by enantioselective conjugate addition of
nucleophiles 37, 38, and 39. Subsequent intramolecular cycli-
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i R'O,C. £Ho
My + RO 5 A00man)  ROC, A
H R R'O,C TEA or RIO.C s
= idi 2
R=Ar, Et, nC4H,, 2606 Clutldlne, .
R'= Me, Et, Bn

66-93% yield
d.r. > 30:1
90-98% ee

Alkylation

A oR! Michael addition R

0" Re face attack Q

(0] (0]
R=Ph, 84% yield, > 25:1 d.r., 94% ee
MOE( 1 (20 mol %), TEA (1.1 equiv), CHCI,, RT
Br
36

Scheme 46. Organocatalytic cyclopropanation of enals with a-bromomal-
onates and ethyl-2-bromo-3-oxobutanoate 36.

(e}

Y
HX o+ HJK/\R + R'OH

37X=0,Y=0H
38 X = C(CO,R?),, Y = Br
39 X = NCbz, Y = OAc

1)1 (10 mol %) 2) Bngco
CHCl,, -20°C ~N®
SW/L Me bipea
[ o Me
/d)L 40
R A H (40 mol %)
30h, 15h
X =0, 59-82% yield, 91-95% ee
O XH X=C(CO,R?), 56-69% yield,
RO - R 94-97% ee
X = NCbz, R = nBu, 41% yield,
61% ee

Scheme 47. One-pot catalytic tandem asymmetric epoxidation/esterifica-
tion, cyclopropanation/esterification, and aziridination/esterification of
enals.

zation by the in situ generated chiral enamine would furnish
the corresponding 2-epoxy (X=0), 2-cyclopropyl [X=C-
(CO,RY], and 2-aziridine!"™ (X=NCbz) aldehydes A.
Next, the base-generated heterocyclic carbene catalysts
would catalyze the C—O, C—C, or C—N bond cleavage ring
opening followed by concomitant oxidation of the aldehyde
and subsequent esterification.

One-pot organocatalytic domino Michael/a-alkylation re-
actions have also proven to be useful for the enantioselec-
tive synthesis of functionalized cyclopentanones and cyclo-
pentanols. Thus, 1 efficiently catalyzes the reaction of 4-
bromo-p-ketoesters with o,f-unsaturated aldehydes to
afford trisubstituted cyclopentanones in good to high yields,
moderate diastereoselectivity (6:1-12:1), and excellent
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enantioselectivities for the major diastereomer (93-99%;
Scheme 48).1 The presence of base was essential for the
reaction to proceed. Moreover, the resulting cyclopenta-
nones were also reduced with NaBH;(CN) to the corre-
sponding cyclopentanols.

. COEt COE
HOR ;

(0]
. 1 (20 mol %) R~Q¢ Rﬁo
60 o K,CO, o
(1 equiv) A N\
MOH CHCI;, 4°C major O minor

Br 58-88% yield

d.r. from 6:1 to 12:1

R =Me, Et, nPr, nBu, (CH,),Ph 93-99% ee (major diasteroisomer)

CO,Et CO,Et
Rﬁo NaBH,(CN), 0°C R,'go
\ AcOH, THF \
3 N
6] OH

R =Et, 98% ee 63% yield, > 25:1 d.r., 98% ee

Scheme 48. Organocatalytic enantioselective synthesis of functionalizaed
cyclopentanones and cyclopentanols from the reaction of enals with 4-
bromo-f-ketoesters.

6.3. Carbon-Heteroatom/Carbon—-Carbon Bond-Forming
Reactions

6.3.1. Tandem Oxa-Michael/Aldol Reactions

Asymmetric domino oxa-Michael-intramolecular aldol-de-
hydration sequences constitute a very effective and straight-
forward entry to enantioenriched benzopyranes, also known
as chromenes, widespread elements in natural products and
in lead compounds with proved pharmacological activi-
ties.''% In this context, three independent reports document-
ed the use of catalyst 1 for the above transformation.'!! 113!
Arvidsson et al.""! demonstrated that benzopyranes can be
obtained through an organocatalytic domino reaction se-
quence starting from o,B-unsaturated aldehydes, salicylic al-
dehyde, and 1 as promoter of the process. Investigation of
the effect of different basic and acid additives led to the
conclusion that the best conditions involved the absence of
any external additive. However, under these conditions
enantioselectivities are poor, typically 50 % ee. Cérdova and
Wang, almost simultaneously, presented the same version
but using organic acid additives."">!"* Thus, enals efficiently
react with salicylic aldehyde in the presence of either 1
(20 mol % )/2-nitrobenzoic  acid (20 mol%),"'? or 1
(30 mol % )/benzoic acid (30 mol % )'*! and molecular sieves
(4 A) to facilitate the dehydration step (Scheme 49). Under
these conditions excellent enantioselectivities are attained.

6.3.2. Tandem Aza-Michael/Aldol Reactions

Starting from 2-aminobenzaldehydes and o,f-unsaturated al-
dehydes the aza version of the above oxa-Michael intramo-
lecular aldol-dehydration sequence leads to 1,2-dihydroqui-
nolines with excellent chemo- and enantioselectivity
(Scheme 50).1"*151 Tt was shown, for example, that catalyst 1
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a O 120 mol %)
i S H f'LH MS 4A @\/YKH
P __MS4A

toluene, RT P
7 oH R 2:NO, CH,COHXZ O R

(20 mol %) 65-92% yield
R = Ar, CO,Et, nBu, nPr 92-98% ee

O dehydration

N
H 4 OTMS

2 OH O
) (o-Q
(A — | H
A K/ tandem P
y
% U oxa-Michael-aldol | X 0" 'R
R

Scheme 49. Organocatalytic asymmetric domino oxa-Michael/aldol con-
densation between salicylaldehydes and enals.

120mol %) X
DMF, 25C I/ P
PhCO,H X N R
0
R = Ar, CO,Et, nBu, ppr (20 Mol %) 69-83% yield

X = H, 4-F, 4-Cl, -OCH,0-, 4,5-(MeQ), 94-98% ee

16 (20 mol %) Q
H o+ H NaOAc (0 5 equiv) N H
TaAMS I//

CICH,CH,CI X N R
P=CbzorTs 86-95% yield
R = Ar, Alkyl F.C Cp. 91-94%ee
X = H, 5-Cl, 3-MeO, 4,5-(MeO), 3 s
CF,
N
H
CF,

Scheme 50. Organocatalytic asymmetric domino aza-Michael/aldol con-
densation between 2-aminobenzaldehydes and enals promoted by 1 and
16.

in combination with benzoic acid promotes the reaction of
nonprotected 2-aminobenzaldehydes!'™ with B-aryl and f-
alkoxycarbonyl o,B-unsaturated aldehydes in DMF as sol-
vent. With B-alkyl a,p-unsaturated aldehydes the highest
asymmetric induction was achieved in CH;CN without addi-
tion of an organic acid.

Almost simultaneously to Cérdova’s work, Wang!'"! re-
ported the same reaction starting from N-protected 2-ami-
nobenzaldehydes and using catalyst 16, NaOAc, and molec-
ular sieves (4 A) in 1,2-dichloroethane as the solvent. The
expected adducts were obtained in good yields and high
enantioselectivities (Scheme 50).

6.3.3. Tandem Aza-Michael/Mannich Reactions

As reported in Section 3.2.1 catalyst 1 is an efficient promot-
er of the conjugate addition of N-methoxycarbamates to
enals (Scheme 26).7Y This reaction when linked in cascade
with an L-proline-promoted Mannich reaction gives direct
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access to orthogonally protected chiral diamine derivatives
with excellent chemo- and enantioselectivities (Scheme 51).
This is probably due to the difference in reactivity between
chiral pyrrolidine 1 and proline in the separate reactions.

HJ\/\R

+
Cbz\N .OMe
H
R = Me, nPr, nBu, CO,Et, BhnOCH,, Ar
1) 1 (20 mol %)

CHCI,, -20°C

2) (S)-Proline (30 mol %)
CHCI,/DMSO 2:1
acetone, p-anisidine

2) (R)-Proline (30 mol %)
CHCI,/DMSO 2:1
acetone, p-anisidine

PMP, MeQ  cCbz (= PMP_ MeO  cbz
o E‘H N/ 0 “NH N
)J\/\/\R ~ R

60% yield , >19:1 d.r., 98% ee 62% yield, >19:1 d.r., 99% ee

Scheme 51. One-pot asymmetric cascade aza-Michael/Mannich reactions
using a combination of 1 and proline.

6.3.4. Tandem Sulfa-Michael/Aldol Reactions

At room temperature adducts coming from sulfa-Michael
reactions have been found to rapidly racemize.®**! Domino
processes initiated by the sulpha-Michael addition can also
be used as an alternative strategy for avoiding racemization
of the conjugate adducts by equilibration. For these reasons,
much of the progress in this area has stemmed from the use
of bifunctional thiol derivatives in which an additional elec-
trophilic functionality has been introduced. In this context,
the 2-catalyzed sulfa-Michael addition of 2-mercapto-1-phe-
nylethanone to o,f-unsaturated aldehydes has proven to be
an excellent method for the synthesis of enantioenriched tet-
rahydrothiophenes (Scheme 52).'"") Moreover, the authors

2 (10 mol %) HOPh CHO
F‘hCO H (10 mol %) {1} S
SH —— s .
J\/\R + Ph)k/ toluene, RT Z_)—R
R = Me, Et, nPr, iPr, nBu, nHep 8
44-74% vyield
>99% de
90-96% ee

£-Q

—— HO".fph ;“
R

S

9 _| 0
SRRy

Scheme 52. Organocatalytic asymmetric domino sulfa-Michael/aldol con-
densation between 2-mercapto-1-phenylethanone and enals promoted by
2.
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found that two different regioisomers can be selectively ob-
tained by slight modification of the reaction conditions. For
example, when the reaction was carried out in the presence
of an acid cocatalyst, 2-benzoyl-5-alkyltetrahydrothiophen-
4-ols were obtained, but under basic conditions, a complete-
ly different isomer was observed. These results were inter-
preted in terms of an iminium—enamine cascade process in
the first case, with the acid cocatalyst facilitating the forma-
tion of the iminium intermediate. However, under basic con-
ditions, hydrolysis of the enamine intermediate might occur
and, therefore, a final intramolecular base-catalyzed aldol
reaction with the more reactive aldehyde moiety as electro-
phile would lead to the final product. In this second case,
the basic conditions employed could also promote the unca-
talyzed sulfa-Michael reaction, thereby leading to the ob-
served decrease in the enantioselectivity.

In a similar approach, the Michael reaction of 2-mercap-
tobenzaldehydes with a,fB-unsaturated aldehydes has result-
ed in a very straightforward and effective method for the
enantioselective  preparation of 2H-1-benzothiopyrans
(Scheme 53).M"7 In this case the domino sequence ended

o

R = Ar, CO,Et, nBu, nPr

2 (10 mol %) o
PhCO,H |

(20 mol%) ‘ TR
toluene, RT [
4AMS X s R

55-87% vyield
94-98% ee

Scheme 53. Organocatalytic asymmetric domino sulfa-Michael/aldol con-
densation between 2-mercapto-benzaldehyde and enals.

with the dehydration of the aldol intermediate, either during
the reaction itself or during purification by chromatography
on silica gel. Cyclic enones can also be employed as electro-
philes in the reaction to give the corresponding adducts,
albeit with poor ee values.!'*!

6.3.5. Tandem Sulfa-Michael/Michael Reactions

A novel organocatalytic enantioselective thiol-initiated
domino double Michael addition reaction of a,f3-unsaturated
aldehydes with trans-ethyl-4-mercapto-2-butenoate in the
presence of 2 was recently documented (Scheme 54).1%% The
process furnishes highly functionalized tetrahydrothiophenes
with the generation of three new stereogenic centers in high
yield and excellent enantioselectivities and high stereoselec-
tivities.

e

(10 mol %)
PhCO H EtO,C CHO
(10 mol %) S

toluene, RT
S” 'R

55-96% vyield
71-89% de
94-98% ee

Scheme 54. Catalyst 2-promoted domino sulfa-Michael-Michael reactions
of a,B-unsaturated aldehydes with trans-ethyl-4-mercapto-2-butenoate.
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6.3.6. Epoxidation of a,3-Unsaturated Carbonyl Compounds

Chiral epoxides are very important building blocks for the
synthesis of enantiomerically pure complex molecules, in
particular of biologically active compounds.'”” The asym-
metric epoxidation of functionalized and unfunctionalized
olefins has emerged as a very versatile and important syn-
thetic tool in organic synthesis."™'*] In this context, diary-
Iprolinol silyl ethers have also been investigated as organo-
catalysts in the epoxidation of o,B-unsaturated carbonyl
compounds. Jgrgensen et al.'??! demonstrated that catalyst 2
is efficient in promoting the epoxidation of enals in the pres-
ence of hydrogen peroxide to afford the expected epoxides
in excellent diastereomeric ratios and enantioselectivities
(Scheme 55). In contrast, L-proline and other pyrrolidine-
based catalysts gave poor or low conversion and low enan-
tiomeric excess.'?!%]

0O R P 0 R
2 (10 mol %), H,0, J\)\
HJ\)\R CH,Cl,, RT, 4h : R
upto98:2dr.

up to 98% ee

Scheme 55. Epoxidation of o,f-unsaturated aldehydes.

In a similar way, Cérdova et al."?!! documented a tandem
organocatalytic ~asymmetric synthesis of 1,2,3-triols
(Scheme 56). Thus, TMS-protected diphenylprolinol 1 effi-

1) 1 (20 mol %)
H,0,, CHCl,, 4°C

o) 2) NaBH,, MeOH-CHCI, /\)Oi
HJK/\R 0°C, 10-15 min HO™ ™ R
3) H,S0, (0.5N) OH
1-3h, RT
H.0,
catalyst 1

H,O, H"
o,
HO  N"R

R —

0
H)J\Q}\R} NaBH,

Scheme 56. Organocatalytic asymmetric synthesis of 1,2,3-prim,sec,sec-
triols.

ciently catalyzes the asymmetric epoxidation of enals with
hydrogen peroxide followed by insitu reduction with
NaBH, and epoxide opening using sulfuric acid. Under
these conditions the tandem sequence with [-aryl-substitut-
ed enals affords the corresponding terminal triols in good
overall yield over the three steps, moderate diastereoselec-
tivities (from 2:1 to 3:1), and 95-98 % ee for the major dia-
stereomer. The reaction with aliphatic enals is highly diaste-
reoselective and gives the corresponding triols with up to
greater than 50:1 d.r. and 68-73 % ee. The reaction can also
be applied to the enantioselective synthesis of 3-aryl-3-
chloro-1,2-propandiols by employing aqueous HCI (2N) in
the last step of the reaction sequence.
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6.3.7. Aziridination of a,f-Unsaturated Carbonyl
Compounds

Aziridines are nitrogen-containing heterocycles of great im-
portance as versatile chiral building blocks in organic syn-
thesis.'"”! As previously mentioned, aziridination of a,B-un-
saturated aldehydes is successfully achieved in the presence
of 1 and acetoxycarbamates as the nucleophilic agents (see
Scheme 47). The reaction is highly chemo- and enantioselec-
tive, and the corresponding Boc- or Cbz-protected 2-formy-
laziridines are isolated in good to high yields with 84—
99% ee. The resulting a,fB-aziridine aldehydes can also be
converted in one step into the corresponding Boc- or Cbz-
protected P-amino acid esters in the presence of a thiazoli-
um catalyst generated in situ.

7. Multicomponent Reactions

One of the challenges in organocatalysis is to implement
various reaction concepts in a multicomponent domino reac-
tion to achieve multibond formation in a one-pot opera-
tion.!”) In this section we summarize multicomponent reac-
tions promoted by prolinol ether derivatives wherein more
than two substrates are involved. The reactions are sorted
by their activation sequences.

7.1. Iminium-Enamine Activation: C—X/C—X Bond-
Forming Reactions

As described in Section 3.2.3, Jgrgensen and co-workers re-
ported the use of 2 together with benzoic acid as an effec-
tive catalyst system in the intermolecular Michael-type addi-
tion of thiols to o,B-unsaturated aldehydes (Scheme 29).52
They also applied this protocol to a multicomponent
domino sulfa-Michael amination process, disclosing the first
enantioselective, organocatalytic conjugate thiol-addition/
amination reaction in a C—X/C—X bond-forming sequence.
First, the iminium activated enal undergoes a conjugate ad-
dition with the soft thionucleophile (Scheme 57). The result-
ing enamine is then trapped by the azodicarboxylate to

o)
a) 2, 10mol % H )k
R?0,C. PhCO,H R?0,C" 'N” O
1. it (10 mol %) >
RESH | N e b)NaBH, S
2 c) NaOH R M
o R
38-72% yield
R/\)J\H 88:12 - 96:4 d.r.
97-99% ee
R=Me, Et; R', R?=Me, Bn
' 1) NaBH,
R20. C. 2) NaOH
Rl “NH O
1 rReo,c N H
. X
RJ\/gO
R'-S7 R

Scheme 57. Asymmetric conjugate thiol addition/amination sequence.
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afford the thio- and hydrazino-substituted aldehydes with
high diastereocontrol and very high enantiomeric purity.
This domino reaction is then followed by in situ reduction of
the aldehyde carbonyl with NaBH, and formation of the ox-
azolidinones 41 under basic conditions. The corresponding
yields are quite good, as they result for a four-step one-pot
procedure. It is important to mention that the reaction tem-
perature has a great influence with regard to the stereose-
lectivity and the reaction rate. The sulfa-Michael addition is
very fast at ambient temperature, but under these conditions
the Michael product racemizes easily. If the reaction temper-
ature is lowered to —15°C, the racemization can be prevent-
ed but the reaction rate is strongly slowed down. The prob-
lem was solved by employing benzoic acid as a cocatalyst,
which leads to higher reaction rates.

7.2. Enamine-Iminium-Enamine A ctivation: C—C/C—C/C—
C Bond-Forming Reactions

Enders et al. were the first who presented an elegant exam-
ple of the control of four stereocenters in a triple C—C cas-
cade organocatalytic reaction. The approach involves reac-
tion between a linear aldehyde, a nitroalkene, and an o,f3-
unsaturated aldehyde promoted by catalyst 1 to afford tetra-
substituted cyclohexene carbaldehydes with high diastereo-
selectivity and  essentially complete enantiocontrol
(Scheme 58).) This multicomponent reaction proceeds

[e]
? Q 1 (20mol % H
R 4_°L>
\)J\H N RZ/\)J\ toluene, o )
oCtoRT R Y 'R
NO.
N0 o

25-58% yield
7.8:22-9.9:01d.r.
>99% ee

R = Me, Et, CH,OTBS, Bn, iPr
R' = Ph, 2-CIC4H,, 4-MeOCgH,, 3-piperonyl, 2-Me-furyl
R? = H, Ph, Me, nBu

Scheme 58. Michael/Michael/aldol sequence promoted by 1 leading to cy-
clohex-1-ene-carbaldehydes.

through a Michael/Michael/aldol condensation sequence
that includes the consecutive and highly chemo-, regio-, and
stereoselective formation of three C—C bonds. An advantage
of this approach is clearly the fact that R, R!, and R* can be
easily varied from aliphatic, aromatic, and heteroaromatic
to functionalized residues by employing a 1:1:1 ratio of the
three susbtrates.

In this case the catalytic cycle starts with enamine activa-
tion of the linear aldehyde 43 (Scheme 59), which then se-
lectively adds to the nitroalkene 44 in a Michael reaction, in
analogy to the reaction proposed by Hayashi (see
Scheme 5). The subsequent hydrolysis liberates the catalyst,
which is now able to form the iminium ion of the o,B-unsa-
turated aldehyde 46 to accomplish the conjugate addition
with nitroalkane 45. In the subsequent third step, an enam-
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B
R\)J\ + N0

Enamme catalysm
OTMS
o@ N
| H
R
48 R™ 45

R RZ No2

NO,

o)
f/‘ﬁ RZ/‘\)'LH + 1
45
o

Scheme 59. Proposed catalytic cycle of a triple cascade reaction affording
cyclohex-1-ene-carbaldehydes (arrows may be considered equilibria).

ine intermediate 47 leads to an intramolecular aldol conden-
sation via 48. Hydrolysis completes the catalytic cycle and
releases the tetrasubstituted cyclohexene carbaldehyde 42.
This multicomponent domino reaction was recently ex-
tended by a highly stereoselective intramolecular Diels—
Alder reaction.'” The domino reaction is followed by a
Lewis acid mediated intramolecular [4+2] cycloaddition,
which leads to complex tricyclic frameworks 49-50. In this
tetradomino reaction, five C—C bonds are formed with the
diastereo- and enantioselective construction of up to eight
new stereogenic centers in a one-pot operation (Scheme 60).

0 0 P
X R
R, ey (20 mol %) dLH
+ toluene, R OYTOR?
R - NO, 0-5°C Noz
R= PL;\M/\/\/\CHs 42
R'=Ph, 2-CIC¢H,; R*= H, Ph
Me,AICI,
-78—0°C
“"CH, +
CHO 35-56%
NO,
50

>99:1 d.r.e > 99% ee, >99:1d.r. > 99% ee,
n=0 n=1
1@l after flash chromatography

Scheme 60. Michael/Michael/aldol condensation/Diels—Alder domino se-
quence.

7.3. Iminium-Iminium—Enamine Activation: C—C/C—C/C—
C Bond-Forming Reactions

Recently a new approach for an enantioselective concurrent
multicomponent domino organocatalytic reaction following
a sequential iminium—-iminium-enamine catalysis, which en-
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ables the consecutive formation of three new carbon-carbon
bonds, was presented by Jgrgensen and co-workers."”! In a
first instance the authors investigated the reaction between
enals and different active methylene compounds
(Scheme 61). The process furnishes cyclohex-1-ene-carbalde-

O O
HJK%R 2 (10 mol%) H
PhCO,H (10 mol%) |
. — R R
toluene, 1m EWG' ,
1 2
EWG'__EWG o EWG
51 52
H
R R
CN ©N
53

R = Me, Et, iPr, Ar
d.r. > 95:5; 97-99% ee

co,Pr oN" ot

co,iPr  CN

cN” coMe  CN

54 55 56 57
yield= 47% 40% 53% 46%
dr.= 86:14 90:10 >98:<2 60:40
ee=  98% 99% >99% 98% to >99%

Scheme 61. Reactions of a,f-unsaturated aldehydes with activated meth-
ylene compounds catalyzed by 2.

hyde derivatives of type 52-57 in good to high yields, mod-
erate to good diastereomeric ratios, and excellent enantiose-
lectivities. The reaction proceeds well for both B-aliphatic
and B-aromatic aldehydes and the best d.r. values are ob-
tained for malononitrile. For nucleophiles 51 having two dif-
ferent electron-withdrawing groups, for example cyanoace-
tates, the results show that better diastereocontrol is at-
tained by increasing the size of the ester group.

The authors have also extended this concept for the com-
bination of two different enals with malononitrile. It was
shown that it is possible to control the reaction sequence
with regard to the o,fB-unsaturated aldehydes by choosing
the appropriate R and R' groups (Scheme 62). For this pur-

o o)
)J\% 2 (10 mol %) H
H R PhCOH (10 mol %) |
o + + NC__CN ﬁ» R R!
oluene, 1M
. NG~ CN
HJ\/AW 58
R=iPr, R'= Me, 51%, 97% ee
R>R R=iPr, R' = Ph, 52%, > 99% ee

Scheme 62. Organocatalytic domino reaction with two different o,f-unsa-
turated aldehydes catalyzed by 2.

pose the enals, with the R substituent, need to be unreactive
enough in cycle IT (see Scheme 63) so that cycle I would be
complete prior to the beginning of the formation of adduct
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D. This was successfully attained by using the R isopropyl
group. Interestingly, the sequence can be applied to enals
with alkyl and aryl R! substituents, providing the respective
cyclohex-ene-carbaldehyde 58 as exclusively one regioiso-
mer and one diastereomer, formed with excellent enantio-
meric excess.

The stereoselective formation of these cyclohex-1-ene-car-
baldehyde derivatives can be explained by iminium-imini-
um-enamine sequential activation of the enals by catalyst 2
as outlined in Scheme 63. In the first step (cycle I), aldehyde

/7\?(:)_0

=
EWG? D_o
EWG1 EWG2
EWG1
/‘« cycle ll
o}
=
R EWG? cyclel N Ar
R H OTMS
H 2
A EWG' catalyst
IAr = 3,5-(CF3),-C¢H,

Scheme 63. Proposed mechanism for the organocatalytic multicomponent
domino synthesis of cyclohex-1-ene-carbaldehydes catalyzed by 2.

59 reacts with catalyst 2 to give the iminium ion intermedi-
ate. Malononitrile, or another activated methylene com-
pound 51, reacts as a nucleophile with this intermediate to
give A, which is then hydrolized to yield compound B with
regeneration of the catalyst. Then, catalyst 2 re-enters the
second cycle (cycle IT) to form iminium intermediate C,
which subsequently reacts with B to generate an additional
stereocenter (if EWG'=EWG?) in intermediate D. At this
stage, the final product, cyclohex-1-ene-carbaldehyde deriva-
tive 60, which has up to three stereocenters (if EWG'#
EWG?), is formed from the enamine intermediate that me-
diates the ring-closure reaction by an intramolecular aldol
reaction, followed by elimination of water.

8. Reactions in Water
In the most recent decades, chemists have begun investigat-
ing the possibility of using water as solvent for organic reac-

tions"! because of potential benefits from industry™” and
biological implications. As for the field of asymmetric syn-
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thesis, the development of water-compatible catalytic meth-
ods still remains challenging, basically because most metal
catalysts are unstable toward hydrolysis.'*!! Water can also
interfere with organocatalysis given its capacity for disrupt-
ing H bonds and other polar interactions. Different chiral
secondary amines have been shown to be viable organocata-
lysts in varying degrees of an aqueous environment for sev-
eral C—C bond-forming processes known to proceed through
activation of the substrate carbonyl by enamine forma-
tion."2133] In this context diarylprolinol ether derivatives
have shown certain water compatibility in some enamine-
based organocatalytic reactions.”*?¢%3 However, in other
enamine-based organocatalytic reactions carried out in the
presence of water, diarylprolinol ethers led to less successful
results. This is the case, for example, for the Michael addi-
tion of aldehydes to vinyl phosphonates catalyzed by 1 (see
Scheme 8),°®! which gives low yields and enantioselectivities
when carried out in water/ethanol mixtures.

Similar results have been observed in aqueous systems
using amine catalysis by formation of iminium species. Jgr-
gensen demonstrated that epoxidations of enals can be suc-
cessfully achieved in the presence of 2 in water/EtOH solu-
tions." In a similar way the 2-catalyzed conjugate 1,4-addi-
tions of B-ketoesters to o,p-unsaturated aldehydes takes
place efficiently in the presence of water as the only solvent
to afford the expected adducts in high yields and enantiose-
lectivities.” However, the parent addition of malonates and
malononitriles appears to work sluggishly if at all.®>!? The
recently presented tandem Michael-Henry reaction by Hay-
ashi in the presence of 1 as catalyst™ (see Scheme 34, Sec-
tion 5) constitutes another water-noncompatible example.
More recently a complementary family of prolinol ether de-
rivatives, a,a-dialkylprolinol silyl ethers 61, has been pre-
sented as a good alternative for carrying out the conjugate
addition of carbon-centered nucleophiles to enals in the

{

n=025811 H  oOsir, N

|
61
| & bulky group
61an=5R=Me R (directs E geometry)

61bn=5 R=Ph

hydrophobic
alkyl chains

Cat. 61a or 61b Nu
o 0,
NuH + Rw/\\/CHO (2-5 mol %) R1*/CHO
PhCO,H (5 mol %)
H.O. RT ( 4 examples)
NuH = CH;NO, CH(CO,Bn), 2+ ee up to 99%
R?CH,CHO
OMe
OMe
0]
) O
O O 07N
H H

(S)-rolipram

Scheme 64. Conjugate addition of carbon-centered nucleophiles to enals
catalyzed by 61a and 61b in the presence of water.
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presence of water (Scheme 64).'*¥ The concept of the cata-
lyst design is based on the use of the prolinol ether platform
owing to its excellent properties as a catalyst, together with
the introduction of hydrophobic alkyl chains."*! After opti-
mization, catalysts 61a and 61b were found to be the best in
promoting the conjugate addition of nitromethane, benzyl
malonate, and saturated aldehydes to enals, providing high
enantioselectivities. In addition the methodology was sus-
sessfully applied to the synthesis of the S isomer of rolipram
(Scheme 64), a type IV phosphodiesterase inhibitor, which
was obtained through a conjugate addition of nitromethane
to the adequate enal, followed by oxidation, esterification,
and hydrogenation of the resulting adduct.

9. Conclusion and Prospects

From the data presented in this Focus Review one can con-
clude that o,a-diaryl(dialkyl)prolinol ethers constitute a
potent organocatalyst family which has been shown to be
very general for a vast range of transformations. These in-
clude the a-, B-, y-, and o,pB-functionalization of carbonyl
compounds. In addition, as an exciting full expression of
their catalytic activity, these derivatives have also emerged
as promising promoters of very elegant cascade processes.
Moreover, new a,0-dialkylprolinol ethers have proven to be
valuable catalysts in promoting Michael additions via imini-
um ions in water-compatible systems. During the last two
years we have witnessed an increasing number of publica-
tions reporting the use of these new general organocatalysts,
and for sure new contributions on their application to new
reactions and new tandem processes can be anticipated.!'*]
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Abstract: We present here the first ex-
amples of Cu-azide compounds synthe-
sized by using protonated diamine ions
as cationic templates: (dmenH,)
[Cug(N3)y] and (trimenH,)[Cug(N3),,]
(dmenH,**:  N,N'-dimethylethylene-
diammonium; trimenH,?>*: N,N,N'-tri-
methylethylenediammonium). Both
compounds possess a similar, rarely ob-

single end-on azido linkages between
the square-planar Cu’* sites within the
ring and double end-on azido bridges
serially connecting the rings. The mo-
lecular geometry results in ferromag-
netic interactions within the Cu-azide
layer in both compounds. The interlay-
er separations are determined by the
cations, with the shortest interlayer
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Cu--Cu separations being 8.016 A for
the dmenH,”* compound and 9.106 A
for the trimenH,”* compound. These
different interlayer separations tune
the magnetic properties of the two ma-
terials. The dmenH,*" compound dis-
plays long-range antiferromagnetic or-
dering at lowtemperature and short-
range ferromagnetic interaction at high

served anionic Cu-azide layer, which
consists of [Cug(N;),,>"], anionic chains
linked by asymmetric end-to-end azido
bridges. The chain, in turn, is made up
of elongated Cug rings, with double and

ture

Introduction

In the study of molecular-based magnetic materials, azido-
bridged compounds have attracted great attention.!'*! Pos-
sessing diverse coordination modes and being an efficient
magnetic coupler, the azide anion is a versatile ligand in
bridging different transition metals, generating rich and fas-
cinating architectures ranging from discrete polynuclear spe-
cies to extended networks with interesting magnetic proper-
ties. Azide can link metal ions in ; (end-on, EO), w3
(end-to-end, EE), W3 or other modes, and the magnetic
exchange mediated through an azido bridge could exhibit
ferromagnetism (FM) or antiferromagnetism (AF), depend-
ing on the bridging mode, bonding geometries, and the kind
of metal ions.”™ For example, the azido bridge in the EO
mode transmits FM for Mn?*, Fe?*, Co’*, and Ni** in most
cases,*3 while for Cu**, it depends on the bridging Cu-N-
Cu angle as well as the dihedral angle between the two Cu
basal planes.”* In general, the EE-azido bridge would
transmit AF, but an increasing number of exceptions (say,
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temperature, while only short-range
ferromagnetism was observed in the

copper
e trimenH,**compound at 2-300 K.

- struc-

FM) have been reported recently>® especially for Cu-
azides with asymmetric EE-azido bridges.”*®

Besides the binary azides,["! metal-azide compounds could
be roughly divided into two classes, 1) those with coligands
and 2) those with anionic metal-azide substructures induced
by cations or cationic templates (sometimes small coligands
like H,O are involved). The first class includes many com-
pounds, which extend from discrete molecular species (0D)
to 1D, 2D, and 3D polymeric complexes that depend greatly
on the coligands used and show a wide variety of magnetic
properties, which have been well reviewed in some report-
s.'**<l The second class, which is directly related to this
study, however, has limited examples and has not been well
developed or explored.®! The cationic templates could be
alkali-metal ions or alkyl ammoniums. The small cations,
such as Cs* and Me,N*, afforded condensed anionic metal—
azide frameworks of high dimensionality and connectivity.
Examples include Cs[Mn(N;),]®! and (Me,N)[Mn(N;);]®<l,
The former is a NaCl- or perovskite-type framework with
EO-azido-bridged Mn, dimeric nodes which are further con-
nected by the EFE-azido linkages, and the latter compound
has octahedral Mn nodes linked by EFE-azido bridges. Both
compounds have the cations located within the framework
cavities and show AF owing to the EE-azido bridges in the
structures. Cs,[Cos(N;);] possesses anionic Co-azide layers
separated by Cs* ions. The layer is made of EE-azido-
linked chains of alternative apex- and edge-sharing Co; tri-
angles with EQ-azido edges and p,;;-azido caps.™! In
(Me,N)[Cu(N;);] B the Cu-azide chain consists of Cu’*
ions bridged by two EE- and one EO-azido anions, and the
chains are separated by the cationic columns. This com-
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pound displays ferrimagnetism (FI), probably resulting from
the noncompensation between the local magnetic moments
of the two non-equivalent Cu®* sites. When large ammoni-
um cations were employed, the generated anionic metal-
azide structures were usually low dimensional. The mononu-
clear paramagnetic complex (Et,N),[Cu(N3),], the dinuclear
antiferromagnetic complex [(nBu),N],[Cu,(N3)¢], and the
1D ferromagnetic chains of [(nPr),N],[Cus(N,)s]®! and
(Et,N)[Mn,(N;)s(H,0)]® were synthesized by using large
alkyl ammonium cations. It is clear that small cations are fa-
vorable for the formation of metal-azide substructures with
higher connectivity, while large cations work in the opposite
way. It is also of merit to point out that in these compounds,
the cationic templates are all monovalent, leaving divalent
or polyvalent cationic templates unexplored.

Di- or polyalkylamines, if protonated, could be conven-
iently used as cationic templates, and they have been widely
employed in making metal oxalates, metal phosphates, and
oxometalates.”) Recently, we extended this approach to syn-
thesize magnetic metal formates ."? On the other hand, the
Cu’* ion possesses various coordination geometries to
afford complicated Cu-azide compounds in both the struc-
tural and magnetic aspects.****'"! In this study, we have
used two protonated diamine cations, N,N'-dimethylethyle-
nediammonium (dmenH,?*) and N,N,N'-trimethylethylene-
diammonium (trimenH,?*) and successfully synthesized two
new Cu-azide compounds, (dmenH,)[Cu4(N;),] (1) and
(trimenH,)[Cug4(N3),4] (2). Both compounds consist of simi-
lar condensed Cu-azide layers of FEE-azido-linked
[Cug(N;),* 7], anionic chains in which the novel six-mem-
bered long-shaped Cu, rings are serially connected, and they
possess several kinds of Cu—azide—Cu linkages. The cations
are located in between the anionic layers. The difference be-
tween the two cations is not large, that is, trimenH,?* has
one more methyl group than dmenH,**. However, tri-

Abstract in Chinese:

ARIAEAT FAL =R T8 B F HARA R T AAE-E B s
#(dmenH,)[Cu (N,),,] (1) F=(trimenH,)[Cu(N,),,] 2),
%, dmenH,>* & B F FHANN-ZF K Z Z k&, trimenH,>*
RBFFANNN-ZF R e, XHAMMEHEAF AR
& by 2t AR e91,3-F R E[Cuy(N,), 1.0 B T4 AR 694
~F RN BT EREM, ®[CuyN,), ], B Tre94E T
A1,1-% REN A B ECU B FH R0 KW R R,
bk AL 1-F RO Bk AL, EAA-ERA B
FEREMBERE, CETAHAP@BEFHEIL, &
1,1-& R E A4 Cut B F ey AT @A KF4T, Cu
N-Cu4t A ) F103°; w1,1-F R EHAEGMACur & F
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HAREGAEMATY, LEKRRRERANELABAE SR, 24585
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menH,*" separates the anionic layers better in 2 than
dmenH,’* does in 1, which results in different magnetic
properties for the two compounds with respect to the simi-
larity between the two anionic Cu-azide substructures.
Long-range antiferromagnetic (AF) ordering and short-
range FM are observed in 1, while only short-range FM
dominates in 2.

Results and Discussion
Synthesis and IR Spectra

The two compounds possess new condensed Cu-azido layers
made of [Cug(N;),,”"], anionic chains and separated by the
diammonium cations (see below). They were synthesized by
employing two slightly different doubly protonated dia-
mines, dmenH,** and trimenH,?*, as templates. To the best
of our knowledge, these two compounds are the first exam-
ples of Cu-azide compounds templated by divalent, proton-
ated diamine cations, though alkyl mono-ammonium cations
have been quite widely explored before,*¥ and some re-
ports on Cu-azides including diamine as coligands have
been found in the literature.'®*'" In our synthesis, the func-
tion of using formic acid was twofold: 1) protonating the
amine and 2)acting as coligand to form a mixed-ligand
system (formate and azide). However, the outcome with
only the azido ligand might indicate the better affinity of
Cu** for an azido rather than formato group under our syn-
thetic conditions. Mixed azido/formato systems have been
reported by us for other metal ions,'” and more generally
mixed azido/carboxylato compounds are still not popular.!"!
The success in synthesizing the two compounds implies that
other diamines and polyamines, when protonated, could be
used as cationic templates in the construction of new mag-
netic metal-azide compounds.

The IR spectra of the two compounds (see the Experi-
mental Section and Supporting Information, Figure S1) are
quite similar, and display the strong, characteristic bands of
the azido bridges and weak bands for the organic cations.
For 1, strong bands at about 2080 cm ™' are attributed to the
v,s(N;) absorption and the second strong band at 1279 cm™!
to the v(N;) absorption.'¥ The appearance of these two
bands indicate the presence of both EO- and EE-azido
bridges in the structure,®! as the structural analysis revealed
(see below). Other weak bands could be assigned as follows:
3138 cm™!, C/N-H stretching; 2737 and 2544 cm™', N-H
stretching for -NH,*-; 1571 cm~!, N—H bending; 1463 and
1424 cm™!, C—H deformation; 1343 cm™!, -CH; symmetric
deformation; 1038 cm™!, C—N/C stretching; and 775 cm™,
-CH,- rocking." All these indicate the existence of the
dmenH,** cation in 1. The absorption bands for 2 could be
easily assigned accordingly.

Structures

Compound 1 crystallizes in the triclinic space group P1, with
one molecule of (dmenH,)[Cus(N;);,] in the unit cell
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(Table 1). The crystal structure consists of layers made of
[Cu4(N3)14*7], anionic chains and dmenH,** cations. In the
[Cug(N3)14*7], anionic chain (Figure 1a), three unique Cu’*

Table 1. Crystallographic data for compounds 1 and 2.

1 2
Formula C,H,,CugN,, CsH;CugN,,
Formula weight 1059.83 1073.86
T[K] 293 293
Crystal system triclinic triclinic
Space group Pl Pl
a[A] 6.9870(2) 11.1127(2)
b[A] 11.1253(3) 13.3042(3)
c[A] 11.2423(4) 13.6101(4)
al?] 76.6913(10) 114.1454(10)
A0 87.1756(10) 103.6676(10)
v [°] 75.053(2) 100.1968(11)
V[AY 821.60(4) 1697.03(7)
z 1 2
D, [gem™) 2.142 2.102
u (Moy,) [mm™'] 3.894 3.772
Crystal size [mm”] 0.30x0.20x0.15  0.64x0.08x0.04
Tin and T,y 0.474, 0.566 0.662, 0.865
Ormins Omax [°] 3.45,27.47 3.42,27.48
No. of total reflections 15225 31711
No. of unique reflections (R;,) 3735 (0.0594) 7751 (0.0990)
No. of obsd reflections [/ >20(I)] 2515 3710

No. of parameters
Ry, R, [I>20(1)]
R1,wR2 (all data)

246
0.0307, 0.0534
0.0619, 0.0577

500
0.0399, 0.0770
0.1185, 0.0914

GOF 0.882 0.850
Ap [e A3 0.399, —0.471 0.554, —0.942
Max. and mean A/o™! 0.001, 0.000 0.000, 0.000

[a] Max. and min. residual density. [b] Max. and mean shift/sigma.

ions (Cul, Cu2, and Cu3) are linearly arranged and linked
by EO-azido ligands, and further linked with the three cen-
trosymmetric equivalent Cu®** ions (at —x+1, —y+1, —z+
1) to form an elongated Cu, ring as the repeat unit of the
chain. The two adjacent rings are serially connected at their
Cu3 sites by two EQO-azido bridges along the chain. Within
the ring, Cul and Cu2 are linked by two EQO-azido ligands
and the other Cu--Cu linkages are single EQO-azido bridges.
The chain or the tape is similar to the tape of our previous
reported compound, [Cuy(N;)s(CH;CN)s(bzp),], (bzp=2-
benzoylpyridyl), in which the eight-membered Cug rings are
linked in serial mode.*! All the Cu’* ions are in a square-
planar geometry, surrounded by four azido anions, with very
small deviations (0.01 to 0.04 A) out of the basal plane. The
basal Cu—N bond lengths are in the range of 1.957-2.022 A
(Supporting Information, Table S1), which is typical for Cu-
azide compounds.’” The cis-N-Cu-N bond angles are in the
range 77.6-98.8° and the trans angles are between 170.7-
174.2°. The Cu-N-Cu bridging angles, the key parameter for
Cu--Cu magnetic coupling,” are 101.3° and 101.1° for the
pair of Cul-N-Cu2 angles, 111.5° for the single Cu2-N-Cu3
angle, and 116.5° for the single Cul-N-Cu3 (at —x+1, —y+
1, —z+1) angle. Moreover, the two Cu3-N-Cu3 (at —x+1,
—y, —z+1) angles between the ring units are equal (102.4°).
It is also of merit to point out that the basal planes of Cul

Chem. Asian J. 2008, 3, 950-957
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Figure 1. Structure of 1. a) The anionic Cu-azide layer consisting of
[Cug(N3),4> 7], chains (three in this figure) connected by EE-azide linkag-
es (the Cuq ring is highlighted; Cumedium gray and black; N white).
b) Crystal-packing view along the a direction. The dmenH,*" cations are
highlighted by dark gray C—C and C—N bonds and black spheres for C
atoms.

and Cu2 are nearly coplanar, with a dihedral angle (here-
after denoted ) of 9.6°. The O values between the basal
planes of Cu2 and Cu3, and Cul and Cu3, however, are
74.6° and 65.1°, respectively. These geometric parameters
are also related to the magnetism of the compound dis-
cussed later. Although all the Cu** ions are square planar,
their axial positions, either one or two, in fact, are occupied
by the nitrogen atoms of azido ligands, with the secondary
Cu—N bonds of 2.578-2.616 A (Figure 1a, dashed bonds). If
these longer Cu—N bonds are considered, some EO-azido
anions (four of the seven unique ones) are the , ;type, and
the chains, which run along the b direction, form an anionic
layer parallel to the ab plane, through ;5 and p,,; inter-
chain azido anions (Figure 1a). Each Cug ring of a chain
forms eight of the two kinds of Cu—N,_,,, linkages, with two
unique interchain Cu—N separations of 2.585 and 2.616 A,
to the neighboring chains. This condensed Cu-azide layer,
to the best of our knowledge, has rarely been found in the
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literature.""*'® The asymmetric interchain Cu-N;-Cu linkag-
es through EE-azido ligands have torsion angles of Cu-(EE-
N;)-Cu (hereafter A ranging from 41.0 to 71.1°. The short-
est interchain Cu-Cu separation is 5.406 A within the layer.

The centrosymmetric dmenH,** cations are located in be-
tween the anionic Cu-azide layers (Figure 1b). The cation
possesses an extended zigzag conformation, and its long axis
points in the b direction, the same direction in which the
[Cug(N;),* ], anionic chain propagates. The cations provide
not only the balance in the overall charge of the anionic
layers, but also the H bonds, both the N-H--N type (N--N
separation 2.82-3.24 A and N-H--N angle 130-163°) and the
C-H-N type (C-+N separation 3.25-3.44 A and C-H-N
angle 98-125°), to the azido anions of the layers, and thus
connect the anionic and cationic parts of the structure. The
good match of the counterparts observed in the structure in-
dicates the template effect of the dmenH,’* cation in the
formation of the structure. The shortest interlayer Cu--Cu
separation is 8.016 A.

Compound 2 also belongs to the triclinic space group P1,
but with a larger unit cell, which is almost double that of 1,
with two molecules of (trimenH,)[Cu¢(N3),4] per unit cell
(Table 1). This is due to the fact that the cation, trimenH,**,
is non-centrosymmetric. The structure is very similar to 1,
possessing an anionic layer made of the [Cug(N5),,>"], chains
and the trimenH,** cations located between the anionic
layers (Figure 2). The hexanuclear ring unit now has six
unique Cu’* sites, but the molecular geometry of the
[Cug(N3)4*7], chain around the Cu?* sites (Supporting Infor-
mation, Table S2) are almost identical to those of 1, and
hence not discussed in detail again. However, the important
Cu-N-Cu bridging angles are 99.3-102.6° for the Cu--Cu
linkages with double EO-azido bridges, and 110.2-114.5° for
those with a single EO-azido bridge. Again, the two Cu®*
ions in each linear trinuclear moiety within the Cuq ring,
that is, Cu2 and Cu3, and Cu5 and Cu6, have their basal
planes nearly coplanar (6=10.6 and 8.7°), while they are
twisted relative to the basal planes of Cul and Cu4, which
are the connections of the hexanuclear ring units along the
chain (6 =66.0-76.1°).

Although the anionic Cu-azide chain and the layer of 2
are very similar to that of 1, the non-centrosymmetric tri-
menH,’* cation, with one more methyl group, seems to sep-
arate the chains to a small extent but separates the layers to
a more significant extent. In the layer of 2 (Figure 2a), each
Cug ring unit of one chain also has long interchain Cu-N,q,
linkages through the p,;,; and 5 interchain azido anions
to the neighboring chains, but the interchain Cu-N separa-
tions are 2.545 and 2.626 A on one side of the chain, and
2.626 and 2.738 A on the other side, and the torsion angles
A are between 36.0 and 68.3°. Notably, the interchain sepa-
ration is not uniform in the layer (Figure 2a), unlike the uni-
form separation (Figure 1a) observed in the layer of 1. The
trimenH,** cations are in centrosymmetric pairs, and the
main chain of the cation is in an extended conformation,
and runs parallel to the [Cug(N5).,> ], chain that propagates
along the a direction. The pairing of cations would result in
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Figure 2. Structure of 2 in the same style used in Figure 1. a) The anionic
Cu-azide layer. b) Crystal-packing view along the ¢ direction.

the nonuniform interchain separation within the anionic
Cu-azide layer. The cations bring the anionic layers together
to form a 3D architecture through the C/N-H--N,,, H
bonds (N--N separation 2.79-3.06 A and N-H--N angle 125-
176°, and C-N separation 3.17-3.47 A and C-H--N angle
100-171°). The shortest interlayer Cu--Cu separation is sig-
nificantly longer in 2 (9.106 A) than in 1 (8.016 A).

Magnetic Properties

In spite of the similarity in the anionic Cu-azide substruc-
tures in 1 and 2, the two compounds show different magnet-
ic behaviors. Compound 1 displays a global long-range AF
ordering in the low-temperature region but short-range FM
in the high-temperature region (Figure 3). Under an applied
field of 1 kOe, the xT value of 2.78 cm*Kmol ™! (per Cuy) at
300K is expected for six uncoupled Cu’" ions with S=
1/2.07 The yT value gradually increased to a broad maxi-
mum of 2.92cm*Kmol™" around 100K, then decreased
quickly as the temperature was further lowered and finally

Chem. Asian J. 2008, 3, 950-957
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Figure 3. Plots of x and x7 versus 7 for 1 under 1kOe field. Inset: Iso-
thermal magnetization at 2 K.

reached a value of 0.18 cm*Kmol ™! at 2 K. This behavior of
1 indicates predominant ferromagnetic (FM) interaction
within the material at high temperatures, FM-AF magnetic
competition around 100 K, and finally global AF in the low-
temperature region. The magnetic susceptibility data above
120 K were fitted by the Curie-Weiss law (Supporting Infor-
mation, Figure S2), which gave a Curie constant of
2.67 cm®*Kmol ™ and a Weiss temperature of +11.5 K. The
positive Weiss temperature confirms the dominant FM inter-
actions in the high-temperature region. Moreover, a maxi-
mum of y is observed at 11.0 K, suggesting long-range AF
ordering. The Néel temperature, Ty, determined by the peak
position of d(}7)/dT, was 8.5 K. At 2 K, the isothermal mag-
netization increased slowly and linearly with the applied
magnetic field and reached a value of 1.05Nf at 50 kOe
(Figure 3, inset), far below the expected saturation value
(6.0Np for 6 Cu®* assuming g=2.00), which confirms the
AF ground state at low temperature.

The magneto-structural correlation for Cu—azide has been
studied in detail both experimentally and theoretically.>*¢
For two Cu** ions bridged by a EO-azido linkage, it is well
established that the magnetic coupling between the two
Cu*" ions could be either FM or AF, which depends on the
Cu-N-Cu bridging angle, provided the two basal planes of
Cu** ions are coplanar. The critical angle for the transition
from FM (for smaller Cu-N-Cu angles) to AF (for larger
Cu-N-Cu angles) obtained from theoretical calculations is
104° and 108° from experiment data.”) On the basis of the
structure of 1 and the molecular geometries discussed
above, it is safe to say that the magnetic exchange is FM be-
tween Cul and Cu2, Cu3 and Cu3 (at —x+1, —y, —z+1)
with double EO-azido bridges, as the Cu-N-Cu angles are
smaller than 104° and the Cu basal planes are nearly copla-
nar. For the two single EO-azido-bridged Cu pairs, Cul and
Cu3 (at —x+1, —y+1, —z+1), and Cu2 and Cu3, the Cu-
N-Cu angles (111.5° and 116.5°) are larger than the critical
angle, but the two Cu basal planes are twisted relative to
each other in each pair, with the dihedral angles 6 being
65.1° and 74.6°. In this case, the magnetic exchange in the
two pairs could be FM but not AF because the large 0 leads
to a small overlap integral between the local magnetic orbi-
tals, as revealed by our study of the compound [Cu,(N;)s
(CH,CN);(bzp),],.1*!! in which similar EO-azido-bridged Cu,
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pairs with Cu-N-Cu angles of 116.4-116.8° and ¢ angles of
68.9-72.8°, in fact, transmit FM interaction, based on DFT-
BS calculations and experimental data, with a coupling of
+29cm™!. According to these analyses, the magnetic inter-
actions between the Cu?* sites within the [Cug(N;)1 ],
chain are all FM and thus the chain is ferromagnetic. The
chains are connected to the layers through the asymmetric
interchain Cu-(EE-N;)-Cu linkages with the torsion angles,
A4, between 41.0 and 71.1°. These linkages, according to the
previous work by Robert et al. ! should transmit FM ex-
changes in between the chains within the layer. Therefore,
the anionic Cu-azide layer is FM in 1, and this explains the
fact that the compound displays predominant FM in the
high-temperature region. The global AF state in the low-
temperature region may result from the AF interaction be-
tween the FM layers separated with the shortest interlayer
Cu---Cu separation of 8.016 A. Over such a short distance,
dipole—dipole as well as exchange effects through H bonds
might be possible, and the interlayer magnetic interactions
may be mediated by interlayer H bonds. Although some re-
sults'"® have been reported, the role of H bonds in media-
ting magnetism is still not clear.

Only dominant FM interaction was observed for 2 in the
whole temperature range of 2-300 K (Figure 4). At 300 K,
the yT value of 3.01 cm®*Kmol™' per Cuq unit was signifi-
cantly larger than the value expected for six uncoupled Cu**
ions. Upon lowering the temperature, the y T value increased
continuously and quickly and finally reached a value of
11.14 cm®*Kmol™! at 2 K. The magnetic susceptibility data
above 120 K fit the Curie-Weiss law well (Supporting Infor-
mation, Figure S2), and gave a Curie constant of
2.71 em*Kmol~! and a Weiss temperature of +30.3 K. The
large positive Weiss temperature confirms the strong, domi-
nant FM within the material. Moreover, at 2 K, the field-de-
pendent magnetization initially increased quickly to 3.8 N3
in the low-field region, and above 10kOe, it increased
slowly and linearly with the applied field and reached
5.0 N at 50 kOe (Figure 4, inset), which was a little below
the expected saturation value (6.0 Nf for Cu** assuming g=
2.00). This confirmed the FM characteristics of 2, though the
magnetization does not saturate even at the highest applied
field of 50 kOe.
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10 2 —- 8
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8 [ 18
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2T/ L 0 10 20 30 40 50 x
cm®Kmol" & [® HIkOe— cm’mol’
r|
4 H o 12
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3 S PR i i i i s S SR 0
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Temperature /| K —

Figure 4. Plots of x and y7T versus T for 2 under 1kOe field. Inset: Iso-
thermal magnetization at 2 K.
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Compound 2 possesses a very similar anionic Cu-azide
layer structure to that of 1, and thus the exchange interac-
tion within the layer is FM. The significant difference lies in
the fact that the anionic magnetic layers are separated
better by the larger cations (trimenH,?*) in 2 than by the
smaller cations (dmenH,?*) in 1, with the shortest interlay-
er Cu-Cu separation being 9.106 A in 2 versus 8.016 A in 1.
In the case of 2, the longer separation between the FM
layers might contribute to the dipole-dipole FM interaction
without long-range ordering.'”! Therefore, 1 and 2 show
cation-tuned magnetism based on the similar magnetic Cu—
azide substructures. The crossover from the interlayer AF
interaction in 1 to the interlayer FM interaction in 2 might
result from the competition between exchange (or orbital)
effects favoring AF interaction when the layers are close to
each other and dipolar effects favoring FM interaction when
the layers are farther apart. Such behavior was also ob-
served in a series of 2D A,Mn,[Cu(opba)];-nsolv (A =alkali-
metal cation, radical cation, or tetraalkylammonium, opba=
orthophenylenebis(oxamato), solv =solvent),”™ where small
cations favor metamagnetic behavior with long-range anti-
ferromagnetic ordering, while large cations favor long-range
ferromagnetic ordering. The modulation of magnetism by
the separation between the magnetic layers has been report-
ed for some pillared layer compounds,'*?” and, in particular,
cation-modulated magnetism for the compounds with the
same or similar magnetic substructures has been observed in
only a few other systems such as the series of 2D oxalato-
bridged complexes, MPS; (layered transition-metal hexathio-
hypodiphosphate) ion-intercalation compounds,”™ and the
systems of 3D frameworks of (amineH™')[Mn(HCOO);]
(amineH™ = protonated alkyl monoamine cations).?!

Conclusions

In summary, using two different protonated diamine cations,
dmenH,** and trimenH,**, as cationic templates, two new
Cu-azide compounds, (dmenH,)[Cu4(N;),4] and (trimenH,)
[Cug(N5),4], were successfully obtained. The two compounds
possess similar condensed Cu-azide layers consisting of
[Cug(N3),4+7], anionic chains linked by asymmetric EE-azido
bridges, where the chain is a new type with serially linked
elongated Cug rings with double and single EO-azido linkag-
es between the Cu** sites within the ring and double EO-
azido bridges serially connecting the rings. The cations are
located in between the anionic Cu—azide layers and also sep-
arate them. The magneto-structural relation revealed that
the magnetic interaction within the layers in both the com-
pounds is ferromagnetic. However, owing to the different in-
terlayer separations, 1 displayed long-range antiferromag-
netic ordering in the low-temperature region and short-
range ferromagnetism at high temperatures, while only
short-range ferromagnetism was observed in 2. These two
examples demonstrate that new magnetic metal-azide com-
pounds could be synthesized by the use of other protonated
diamines and polyamines as cationic templates, and cation-
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tuned magnetism could be obtained from similar magnetic
substructures.

Experimental Section
Synthesis

All reagents were commercially available and were used as received. All
reactions were carried out under aerobic conditions.

CAUTION! Although not encountered in our experiments, azide and
perchlorate compounds are potentially explosive. Only a small amount of
the materials should be prepared, and they should be handled with care.

(dmenH2)[Cu4(N3),4] (1): An aqueous solution of Cu(ClO,),6H,0
(94 mg in 3.0 mL) was placed at the bottom of a glass tube. On top of it,
water (3.0 mL) was carefully layered, followed by careful layering of an
aqueous solution (10 mL) of HCOOH (50 mg), NaN; (65 mg), and N,N'-
dimethylethylenediamine (dmen, 24 mg). The tube was then sealed and
kept undisturbed. Half a day later tiny blocklike crystals appeared on the
interface. Crystallization took one week and gave crystals of 1 (43%
yield based on Cu(ClO,),-6 H,0). The product was washed with methanol
and dried in air. IR data: 7=3597 (br, w), 3311 (w), 3138 (b), 2737 (br,
w), 2544 (br, w), 2087 (vs), 2075 (vs), 1571 (w), 1463 (w), 1424 (w), 1343
(w), 1279 (m), 1038 (w), 868 (W), 775 (W), 685 cm ™' (w); elemental analy-
sis: caled (%) for C,H;,NCuq: C4.53, H 1.33, N 58.16; found: C4.82,
H 1.80, N 57.63.

(trimenH,)[Cug(N3)1,] (2): An aqueous solution of Cu(ClO,),6H,0
(94 mg in 6.0 mL) was placed on one side of an H-shaped tube, while an
aqueous solution (6.0mL) of HCOOH (45 mg), NaN; (65 mg), and
N,N,N'-trimethylethylenediamine (trimen, 26 mg) was placed on the
other side. Water (6.0 mL) was layered on the solutions on both sides to
provide a diffusion pathway. Crystallization took one week and gave
crystals of 2 (30% yield based on Cu(ClO,4),6H,0). IR data: 7=3611
(br, w), 3338 (w), 3158 (w), 2786 (br, vw), 2540 (br, vw), 2102 (vs), 1579
(W), 1464 (w), 1345 (w), 1283 (m), 1000 (w), 778 (W), 688 cm ™' (w); ele-
mental analysis: caled (%) for CsH;N,Cuq: C5.59, H1.50, N 57.40;
found: C 6.03, H 1.77, N 56.59.

X-ray Crystallography and Physical Measurements

Crystallographic data for 1 and 2 were collected at 293 K on a Nonius
KappaCCD diffractometer with graphite-monochromated Moy, radiation
(A=0.71073 A.).”?) Empirical absorption corrections were applied using
the Sortav program.® The structures were solved by direct methods and
refined by full-matrix least squares on F* using SHELX with anisotrop-
ic thermal parameters for all non-hydrogen atoms. The hydrogen atoms
were added geometrically and refined using the riding model. Crystallo-
graphic data and structure refinement results are summarized in Table 1.
Selected molecular geometries are listed in the Supporting Information,
Tables S1 and S2. CCDC-673132 (1) and 673133 (2) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Element analysis was performed on an Elementar Vario El analyzer. IR
spectra were recorded on a Nicolet Magna-IR 750 spectrometer
equipped with a Nic-Plan microscope for pure samples. Magnetic meas-
urements were performed on a Quantum Design MPMS XL5 SQUID
system for polycrystalline samples, which were tightly packed and sealed
in a capsule. Diamagnetic corrections were estimated using Pascal param-
eters™! and background correction by experimental measurement on the
sample holder.
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Hybridization-Sensitive On-Off DNA Probe: Application of the Exciton
Coupling Effect to Effective Fluorescence Quenching

Shuji Ikeda and Akimitsu Okamoto**!

Abstract: The design of dyes that emit
fluorescence only when they recognize
the target molecule, that is, chemistry
for the effective quenching of free
dyes, must play a significant role in the
development of the next generation of
functional fluorescent dyes. On the
basis of this concept, we designed a

when the probe was in a single-strand-
ed state, whereas an absorption band
at approximately 510 nm became pre-
dominant when the probe was hybrid-
ized with the complementary strand.
The shift in the absorption bands
shows the existence of an excitonic in-
teraction caused by the formation of an

H aggregate between dyes, and as a
result, emission from the probe before
hybridization was suppressed. Dissocia-
tion of aggregates by hybridization
with the complementary strand result-
ed in the disruption of the excitonic in-
teraction and strong emission from the
hybrid. This clear change in fluores-

doubly fluorescence-labeled nucleoside.
Two thiazole orange dyes were cova-
lently linked to a single nucleotide in a
DNA probe. An absorption band at ap-
proximately 480 nm appeared strongly

Introduction

Many fluorescent dyes have been developed for detection of
a target biomolecule from amongst a range of candidates in
extract mixtures, blotting analysis, and chromatographic
fractions, to be used for observation of the functions of bio-
molecules in cells, such as detection of DNA, RNA, and
proteins, and for measurement of membrane potentials.!!
These conventional fluorescent dyes always emit fluores-
cence when excitation light is shone on fluorescence-labeled
samples. Therefore, dye molecules that do not take part in
labeling of the target biomolecule have to be completely re-
moved from the sample through several troublesome wash-
ing processes to extinguish the background fluorescence.
Design of a “fluorescent dye” in which the fluorescence is
turned off when the dye does not recognize the target bio-
molecule is very important for the establishment of bioimag-
ing without the repetitive washing process, resulting in a
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cence intensity that is dependent on
hybridization is useful for visible gene

aggrega- .
analysis.

highly reliable, labor-saving, and real-time-operating fluores-
cence observation. The chemistry of fluorescence quenching
of dyes in the free state is a significant key for the design of
the next generation of functional fluorescent dyes. So far,
photophysics and photochemistry, such as excimer formation
and dissociation,”! photoinduced charge transfer,” photoin-
duced electron transfer,” and energy transfer between
dyes,”” have been applied to the molecular design of fluores-
cent probes that contain an “on-off” switching system.

In the design of on-off fluorescent DNA probes, the
probes should show negligible emission for a single-stranded
state and emit strongly upon binding with the target strand.
Various DNA probes that give signals in a sequence-specific
fashion, as exemplified by molecular beacons, have been
widely used.”) These probes have detected DNA sequences
by using the change in the fluorescent intensity caused by
the change in the distance between a fluorescent dye and a
quencher dye that is linked at the strand ends by hybridiza-
tion with the target sequence. However, many problems
remain: 1) two types of dyes are required in a probe, thus
they involve higher costs and difficult synthesis; 2) in most
cases, both strand ends are occupied by dyes, thus biological
applications such as PCR probes are limited; 3) probes re-
quire formation of higher-order structures such as a hairpin
structure for efficient fluorescence quenching, thus they
need sequences for structure formation, not for sequence

Chem. Asian J. 2008, 3, 958 —968
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recognition; 4) each probe is labeled with one emission dye
and multiple labeling is difficult because of the fluores-
cence-quenching mechanism; 5) the conformational degrees
of freedom of dyes covalently linked to the strand ends
strongly affect the quenching efficiency. Therefore, DNA
probes that solve these problems need to be developed as
the next generation of fluorescent probes.

Herein, we report a new concept for the design of fluores-
cent DNA probes. We used the fluorescence quenching by
the exciton coupling effect of dyes to achieve turning off of
fluorescence. The probe that we designed showed strong
emission when it hybridized with the target strand, whereas
the emission was suppressed strongly in the single-stranded
state. This on—off probe overcomes the drawbacks suffered
by conventional fluorescent probes.

Results and Discussion
Design of an Emission-Controlled Nucleoside

We focused on the photophysical behavior of the fluorescent
dye thiazole orange. An important property of thiazole
orange is the enhancement of fluorescence intensity upon
intercalation with a DNA duplex; that is, this dye emits
strong fluorescence in a DNA-binding state, whereas the
fluorescence of the free dye is very weak.”! The change in
the fluorescence behavior of thiazole orange is due to the
restriction of rotation around the methine bond between the
two heterocyclic systems, and this increased rigidity as a
result of the structural modifications prevents nonradiative
deactivation.

The molecule produced by dimerization of thiazole
orange is referred to as TOTO (Scheme 1a), which is used
as a good DNA fluorescent stain.”®! Covalent linkage of two
thiazole orange dyes through a biscationic linker to form a

Abstract in Japanese:

BEFREAT O - DO BOETRREERE T 0 — 713, SNBERRIES L TAT T 58
e, FCE AT, EA LA L TRV E FICIIETT AMEL T ED
BHAELY, FIT, BEABRFTV/—NA L POSFERTREEND =X
¥ hMEFERIZL D B SRR BN ICRA L 2R LN DNA 7 e
=T ETFHAL Ui, AROA F—HL—2a v RERTER L Z#WEL T,
FTS—NFA L T2REET ) VUOBITERLEALIR Y LAY FRER
i, AR7T e —7R—ABRIETN D & XOBIL Y FAing T Y F A ¥
—ia FEOBRIA Y FIChA~ERERIICBEL, —ASHRETO AR ki
&% H 8KOEMRER L, SAEREICES T 5 RIS REE R ORI <
YFEFTHHZEEBEALY PABRLTEY, AFMOX v F-AE
{ERIC X HEERARBEIE TV D Z EDPAMIRIN TV D, TORESE,
WHEBNIE, AT Y F A= a3 AEITHL  —~RFRETHHEDDTH,
aF1ELHE LRV B —T TRBESERERI R T, —RRECONR
FAENOREE IV, 56 DNA BHIC X A58 (4 —F7) DNA 7
—7OEXOEIE, BRTHLEFESICHHITE, Fy bToyFa V0L 5
REFRITEEE LT 5,
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Scheme 1. Thiazole orange dimers: a) TOTO; b) newly synthesized fluo-
rescent nucleotide, 1.

bichromophore increases the nucleic acid binding affinity.
TOTO binds to DNA with a high DNA-binding ability
through bis intercalation from the minor-groove side."”!

Much research on linking such a thiazole orange dye to
an artificial DNA molecule or DNA analogue and its appli-
cation to gene analysis has already been reported.t"!!
Indeed, these probes show strong fluorescence, but the
quenching efficiency in the single-stranded state is often
low. A demonstration of the use of a tethered thiazole
orange dye for applications involving peptide nucleic acid
(PNA) probe molecules has been reported previously.'”! In-
corporation of thiazole orange into PNA somewhat im-
proved the quenching efficiency in the single-stranded state,
but the improvement is still small because the fundamental
photophysical property of thiazole orange is scarcely con-
trolled. In addition, the extraordinary costs in labor and
money for synthesis of PNA labeled with thiazole orange
are unavoidable. Although there are such problems, there is
no doubt that thiazole orange is a very effective dye for
DNA detection, as described above. A more precise design
of fluorescent DNA based on characteristic photophysical
properties of thiazole orange would give us more-sensitive
DNA probes.

We designed a doubly fluorescence-labeled nucleoside
(Scheme 1b). The dye is known to show little emission from
the exciton coupling effect!” when several fluorescent dyes
arrange in parallel (H aggregation).'! This effect is caused
by a splitting of the excited state of dyes into two energy
levels, and excitation to the upper energy level is followed
by internal conversion to the lower energy level. The emis-

www.chemasianj.org 959





FULL PAPERS

sion from the lower excitonic level is very weak because of
the redistribution of the whole oscillator strength to the
upper excitonic level transition. If two thiazole orange dyes
were linked covalently to a DNA probe, the emission could
be suppressed strongly in the single-stranded state by the ex-
citon coupling effect. In contrast, strong emission would be
observed when the probe binds to the target DNA because
the aggregate is probably dissolved and each dye is expected
to bind to the duplex structure. Therefore, design of probes
showing the exciton coupling effect by the coupling of two
fluorescent dyes is expected to produce a highly sensitive
DNA probing system.

Based on this molecular-design concept, we designed a
doubly fluorescence-labeled nucleoside as shown in
Scheme 1b. Two thiazole orange dyes were linked to C5 of
2'-deoxyuridine because this is convenient for the intercala-
tion of drugs from the major groove of DNA duplexes and a
reduction in the synthetic steps. Additionally, on the basis of
structural information reported earlier that quinoline rings
locate at the minor-groove side and benzothiazole rings
locate at the major groove in the DNA-binding structure of
TOTO,” the nitrogen atom of the benzothiazole ring of
thiazole orange was linked to a uracil base in a newly de-
signed nucleoside.

Synthesis

The synthetic route is outlined in Scheme 2. The synthesis of
a thiazole orange derivative 4, (n=3-6) was attained
through a conventional dye synthetic protocol from a benzo-
thiazole derivative with various lengths of carboxy linkers,
2.,-"! To avoid damage to the dyes during the DNA syn-
thetic process, we prepared a DNA strand containing a syn-
thetic nucleoside with two amino linkers prior to the incor-
poration of carboxylate-activated dyes. A synthetic nucleo-
side with two amino linkers was prepared from a uridine de-
rivative with an acrylate group at C5, 5.'! Two primary
amino groups obtained by the coupling of 5 with tris(2-ami-
noethyl)amine were protected by trifluoroacetyl groups to
give nucleoside 6. Protection of the 5-hydroxy group and
the following phosphoramidation of the 3'-hydroxy group
gave 7, which was then incorporated into DNA strands
through a conventional phosphoramidite method by using a
DNA autosynthesizer. A DNA strand containing a doubly
fluorescence-labeled nucleotide 1, was synthesized by
mixing a diamino-modified DNA strand 8 with an activated
dye 4,. The short DNA strands (oligodeoxynucleotides;
ODN) that were modified with dyes and their complemen-
tary strands that were prepared for the experiments de-
scribed below are summarized in Table 1.

Photophysics of Fluorescent DNA

We measured absorption, excitation, and emission spectra of
1,-containing ODNs with a variety of sequences and dye-
linker lengths before and after hybridization with the com-
plementary strands. The photophysical data and spectra of
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Scheme 2. Synthesis of artificial DNA containing the doubly dye-labeled
nucleotide. Reagents and conditions: a) quinoline methiodide, triethyl-
amine, dichloromethane, 25°C, 16 h, 43% (n=3),28% (n=4),26% (n=
5), 22% (n=6); b) N-hydroxysuccinimide, ethyl N,N-dimethylamino-
propyl carbodiimide (EDCI), DMF, 25°C, 16 h, no isolation; c) 1. N-hy-
droxysuccinimide, EDCI, DMF, 25°C, 3h, 2. tris(2-aminoethyl)amine,
acetonitrile, 25°C, 10 min, 3. ethyl trifluoroacetate, triethylamine, aceto-
nitrile, 25°C, 16 h, 37 %; d) 4,4'-dimethoxytrityl chloride, pyridine, 25°C,
16 h, 80%; e)2-cyanoethyl N,N,N',N'-tetraisopropylphosphordiamidite,
1H-tetrazole, acetonitrile, 25°C, 2 h, quant.; f) DNA autosynthesizer with
a standard phosphoramidite method, then 28 % aqueous ammonia, 55°C,
4h and then 25°C, 16 h; g) 4(,,, DMF, 100 mm sodium carbonate buffer
solution (pH 9.0), 25°C, 16 h. DMTr =4,4'-dimethoxytrityl.

1,-containing ODN samples are summarized in Table 2 and
Figure 1, respectively. Two absorption bands were observed
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Table 1. Artificial DNA used in this study.

Sequences (5'—3")

ODN1 CGCAAT1,, TAACGC
ODNT GCGTTAAATTGCG

ODN1” GCGTTAGATTGCG

ODN2 TTTTTTl TTTTTT

ODN?2 AAAAAAAAAAAAA

ODN3 TGAAGGGCTT1,TGAACTCTG

ODN¥ CAGAGTTCAAAAGCCCTTCA

ODN4 CGCAATY,, TAACGC

ODN3 CGCAATY,9,AACGC

ODN (anti4.5 ) GCCTCCT1,CAGCAAATCCl, ACCGGCGTG
ODN (antiB1) CCTCCCAAG1,,GCTGGGAT1,AAAGGCGTG

Table 2. Photophysical properties of 1,-incorporated DNA..

Amax [nM] Aem ‘pf[cl I/
[nm]" 11

480 (117000) 510 537  0.096 — -

(93800)

ODN1 (7=3)/ODNT 505 (145000) 529 0298 76 66

ODN1 (n=4) 479 (156000) 509 538  0.059 - -
(104000)

ODN1 (7=4)/ODNT 509 (179000) 528 0272 144 65

ODN1 (n=5) 480 (139000) 510 538  0.043 — -
(107000)

ODN1 (7=5)/ODN1 508 (172000) 529 0208 81 67

ODN1 (n=6) 479 (139000) 509 536 0.053 - -
(93300)

ODN1 (7=6)/ODN1 509 (164000) 528 0265 109 65

5-CGCAATT- - - -

TAACGC-3/ODNT

T, [°C]

ODN1 (n=3)

ODN2 478 (221000) 505 545 0010 - -
(115000)

ODN2/ODN?2' 513 (209000) 536 0469 160 62

ODN3 482 (146000) 510 535  0.074 - -
(145000)

ODN3/ODN3 509 (191000) 530 0232 45 74

[a] 2.5 um DNA, 50mm sodium phosphate buffer solution (pH 7.0),
100 mM sodium chloride. [b] Excited at 488 nm. [c] Excited at 4, (longer
wavelength when there are two A, values). [d] The ratio of the fluores-
cence intensities at the A, of duplex and single-stranded states.

at 400-550 nm for all the 1,-containing ODN samples. An
absorption band at shorter wavelength (ca.480nm) ap-
peared more strongly when 1,,-containing ODN samples
were in a single-stranded state, whereas an absorption band
of longer wavelength (ca.510nm) became predominant
when 1,)-containing ODN samples were hybridized with the
complementary strands. The absorption band at approxi-
mately 510 nm is a typical band observed for a monomeric
thiazole orange.”

The emission spectra were observed at ~530nm as a
single broad band. Hybridization of 1,-containing ODN
with the complementary strand is clearly distinguishable
using the change in the emission intensity. The 1,-contain-
ing ODN samples hybridized with the target DNA strands
showed strong emission, whereas the emission intensity of
the samples before hybridization was much weaker. In par-
ticular, the fluorescence of ODN2, which consists of a poly-
pyrimidine sequence, was almost completely quenched in
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the single-stranded state. The ratio of emission intensities of
duplex and single-stranded states (Ii/I,) of ODN2 at the
wavelength of the emission maximum reached 160. A 20-
mer ODN strand with a general sequence ODN3 also
showed a clear change in emission intensity before and after
hybridization. The length of dye—uracil linkers may be im-
portant for fluorescence emission control. However, in the
range of the linker length we investigated, the influence of
the linker length on the [/l value of ODNI1 was very
small, and the emission intensity clearly changed depending
on the structural states of the ODN samples (Figure S1 in
the Supporting Information).

The excitation spectra displayed a single broad peak at
about 510 nm regardless of their structural states. This wave-
length is in good agreement with the wavelength of one of
the absorption bands. This indicates that the absorption par-
ticipating in the fluorescence emission is only the band ob-
served at approximately 510 nm and the absorption band at
about 480 nm makes a negligible contribution to the emis-
sion.

Intramolecular Aggregation of Fluorescent Dyes

The non-emissive character observed in the single-stranded
state is accepted as a general feature of the H aggregates of
the dyes. Interaction between the dyes has been explained
by Kasha in terms of the exciton coupling theory in which
the excited state of the dye dimer splits into two energy
levels (Figure 2).'77 On the basis of the exciton theory, the
transition to the upper excitonic state is allowed for the H
aggregates, which rapidly deactivate to the lower excitonic
state. The excitonic coupling energy was estimated as
1230 cm™! from the shift of the absorption band from 510 to
480 nm upon dimerization, which is similar to the energy re-
ported for the coupling in H aggregates of cyanine dyes.'*]
Emission from the lower energy level is theoretically forbid-
den and thus the singlet excited state of the aggregate gets
trapped in a non-emissive state.

To further investigate the mechanism of emission suppres-
sion of 14)-containing ODN samples, we measured the ab-
sorption spectra of ODN1 (n=4) under a variety of temper-
atures and concentrations. The change in sample tempera-
ture altered the ratio of the absorbance of two absorption
bands (Figure 3a). With an increase in sample temperature,
the absorption band at 479 nm decreased gradually and the
band at 509 nm increased. At 487 nm, an isosbestic point is
observed, showing the presence of two spectroscopic compo-
nents. On the other hand, the change in concentration of
ODN1 (n=4) did not affect the ratio of absorbance of the
two bands (Figure 3b). On increasing the sample concentra-
tion, an increase in absorbance of both absorption bands
was observed. The plot of log(A,;) versus log(Asy), that is,
the ratio of the logarithm of the absorbance of each band,
was found to be linear (inset of Figure 3b), suggesting that
the ratio of the two spectroscopic components was almost
constant regardless of the concentration of ODN. These
spectral changes indicate the formation of an intramolecular
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Figure 1. Absorption, excitation, and emission spectra of 1,)-containing ODNs. Absorption spectra are shown
in the left-hand panels and excitation and emission spectra are shown in the right-hand panels. Spectra of 1-
containing ODNs were measured in 50 mM sodium phosphate buffer solution (pH 7.0) containing 100 mm
sodium chloride at 25°C. Black trace: single-stranded ODN (ss); gray trace: ODN hybridized with the corre-
sponding complementary DNA (ds). a) ODN1 (n=4; 2.5 um). Excitation spectra were measured for emission
at a wavelength of 534 and 528 nm for ss and ds, respectively, and emission spectra were excited at 519 and
514 nm for ss and ds, respectively. b) ODN2 (2.5 um for the left-hand panel and 1 pm for the right-hand panel).
Excitation spectra were measured for emission at a wavelength of 534 and 537 nm for ss and ds, respectively,
and emission spectra were excited at 517 and 519 nm for ss and ds, respectively. ¢) ODN3 (2.5 um). Excitation
spectra were measured for emission at a wavelength of 535 and 530 nm for ss and ds, respectively, and emis-
sion spectra were excited at 518 and 516 nm for ss and ds, respectively.
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H aggregate by the bichromo-
phoric system of ODN. Two
conformational modes exist in a
sample solution: an absorption
band with a shorter wavelength
(479 nm) is derived from a di-
meric structure and one with
longer wavelength (509 nm),
which was enhanced with heat-
ing, is from monomeric dyes. A
spectral band with the same
wavelength as the absorption
band with shorter wavelength
was not observed in the excita-
tion spectra, as shown in
Figure 1, and this phenomenon
is well explained on the basis of
the exciton coupling theory
shown in Figure 2.

Binding Mode of Dyes to
Duplex

The duplex formed by 14-in-
corporated probes and their
complementary strands was
highly emissive and the struc-
ture was thermally stable. The
melting temperature (7,) of
ODN1 (n=4)/ODN1 in-
creased 7-9°C compared with a
natural duplex 5-CGCAATT-
TAACGC-3/ODNY (Table 2).
The increase in the T, values
suggests that two cationic probe
dyes effectively bind to duplex-
es formed with the target se-
quence. We also measured the
CD spectrum of ODN1 (n=4)/
ODNY'. This duplex showed a
broad negative signal and a
sharp positive signal at 450-
550 nm (Figure 4). These signals
might result from mixed Cotton
effects derived from different
binding modes of dyes to DNA,

2 which consist of a negative Cotton effect for dyes intercalat-

E' (Forbidden) mumm -~ © ing into a DNA duplex and a split-Cotton effect for dyes

Non-emissive

binding to the DNA groove.'¥ The characteristic spectrum
shape was also observed for the ODN2/ODN2’ duplex (see
Emissive Figure S2 in the Supporting Information). The results of T},
and CD measurements suggest that the dyes of 1, bind to
the DNA duplex through intercalation and/or binding to the

G L- — G major groove and thermally stabilize the duplex structures.

Nonhyhbrid Hybrid The binding of the dye to DNA strongly prevents the forma-

Figure 2. Schematic representation of the energy levels of the single- and tion of a bichromophoric aggregate. As shown in Figure 1,
double-stranded states of 1,-containing ODN. an absorption band with longer wavelength derived from
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Figure 3. Effects of temperature and concentration on the absorption-
band shape. Absorption spectra of ODN1 (n=4) were measured in
50 mm sodium phosphate buffer solution (pH 7.0) containing 100 mm
sodium chloride. a) Change in solution temperature. The ODN concen-
tration was 2.5 um. The spectra were recorded at 10°C intervals between
10 and 90°C. b) Change in solution concentration. The spectra were mea-
sured at 25°C by using 0.5, 0.75, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0 um
of the ODN. Inset: plot of log(absorbance at 479 nm) against log(absorb-
ance at 509 nm).
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Figure 4. CD spectrum of ODN1 (n=4)/ODNY. CD spectra of the
duplex (2.5 um) were measured in 50 mm sodium phosphate buffer solu-
tion (pH 7.0) containing 100 mm sodium chloride at 25°C. [0] shown in
[deg cm?dmol '].

monomeric dyes became predominant because of dissocia-
tion of the aggregates. Dissociation of the aggregates, that is,
the disruption of the excitonic interaction, contributes to en-
hancement of the strong fluorescence emission.

To gain information on the effect of the base opposite the
14, base of ODN1 (n=4) on fluorescence intensity, the fluo-
rescence of the “mismatched” duplex with ODN1” (i.e., the
strand containing a guanine base opposite 1) was mea-
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sured (see Figure S3 in the Supporting Information). The
fluorescence spectrum of the mismatched duplex showed a
fluorescence signal at 529 nm that was weaker than that ob-
served for “full-matched” ODN1 (n=4)/ODNY’, but is still
5.8 times stronger than that for the single-stranded state.
The small change in fluorescent intensity suggests that a de-
crease in DNA-binding ability of dyes caused by a mis-
matched base pair was not significant; the neighboring base
pairs that are binding sites of dyes still remain in an ordered
duplex structure even though the 14/G mismatched base
pair partially disorders the duplex structure.

Photophysics of Singly Dye-Incorporated DNA

To verify the quenching ability of doubly dye-incorporated
DNA, we prepared a singly dye-incorporated DNA mole-
cule (Scheme 3). We synthesized a fluorescent ODN,

= o o] o
|
Q\N/\/\/,”\N/A\/NH‘/\NM’ ‘ NH
S N H s)H /g
B N™ ~O
= o O
oy
A
94) 0-P-0
(e}
N
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Scheme 3. Singly dye-incorporated DNA containing a nucleotide 9.

ODN4, which contains an artificial nucleotide modified
with one thiazole orange dye, 94, (Table 1, and Scheme S1
in the Supporting Information), and measured its absorption
and emission spectra. The absorption spectra of ODN4 ex-
hibited one absorption band at approximately 510 nm in
both single-stranded and duplex states (Figure5 and
Table 3). Observation of no shift of the absorption band to
shorter wavelength in the single-stranded state suggests that
ODN4 did not form a H aggregate. Because the exciton
coupling effect does not work when a H aggregate is not
formed, the fluorescence quenching in the single-stranded
state is small, although there is still the structural control of
fluorescence owing to the constrictive DNA environment.!"!

Although emission suppression in the single-stranded
ODN4 that contains a 9, nucleotide was small, the design
of a 94-consecutive sequence, ODNS, recovered effective
fluorescence quenching (Figure 6 and Table 4). The absorp-
tion spectra of ODNS showed a band shift to a shorter
wavelength in the single-stranded state, which suggests that
the dyes of two 9, nucleotides in ODNS formed an inter-
nucleotide H aggregate. This dimerization resulted in
quenching of a single-stranded ODN S molecule, such as was
observed for the 1,-containing ODN. Formation of a H ag-
gregate by the dyes of two 94, nucleotides in ODNS caused
exciton coupling between dyes, which is responsible for effi-
cient quenching of fluorescence emission. The DNA probe
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Figure 5. Absorption, excitation, and emission spectra of 94-containing
ODN, ODN4. Spectra of ODN4 (2.5 um) were measured in 50 mm
sodium phosphate buffer solution (pH 7.0) containing 100 mm sodium
chloride at 25°C. Black trace: single-stranded ODN4 (ss); gray trace:
ODN4 hybridized with ODN1’ (ds). a) Absorption spectra. b) Excitation
and emission spectra. Excitation spectra were measured for emission at a
wavelength of 532 and 526 nm for ss and ds, respectively, and emission
spectra were excited at 520 and 512 nm for ss and ds, respectively.

Table 3. Photophysical properties of 94 -incorporated DNA.*!
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Figure 6. Absorption, excitation, and emission spectra of 9)-containing
ODN, ODNS. Spectra of ODNS (2.5 um) were measured in 50 mm
sodium phosphate buffer solution (pH 7.0) containing 100 mm sodium
chloride at 25°C. Black trace: single-stranded ODNS5 (ss); gray trace:
ODN S5 hybridized with ODN1T’ (ds). a) Absorption spectra. b) Excitation
and emission spectra. Excitation spectra were measured for emission at a
wavelength of 534 and 514 nm for ss and ds, respectively, and emission
spectra were excited at 528 and 519 nm for ss and ds, respectively.

Table 4. Photophysical properties of doubly 94-incorporated DNA.

Amax [nm] Ao [n]® @ Ly T, [°C] Amax [nm] e nm]® @I T, [°C)
(e [em™'M7T]) I (e [em™'M71]) I
ODN4 515 (123000) 532 0.120 - - ODNS5 483 (123000) 511 545 0.059 - -
ODN4/ 509 (125000) 526 0.307 3.4 65 (118000)
ODNY ODNS5/ 509 (180000) 528 0275 103 71
ODNY

[a] 2.5um DNA, 50 mm sodium phosphate buffer solution (pH 7.0),
100 mM sodium chloride. [b] Excited at 488 nm. [c] Excited at 4, (longer
wavelength when there are two A,,,, values). [d] The ratio of the fluores-
cence intensities at the A, of duplex and single-stranded states.

containing a 94—94, sequence might only be useful for the
detection of the DNA containing an AA sequence.

DNA Detection

The fluorescence intensity of the 1,-containing ODN was
effectively alterable by the assistance of an excitonic interac-
tion between the dyes tethered to a single nucleotide. This
clear change in fluorescence that depends on hybridization
with the target strand will be useful for quantitative and visi-
ble gene analysis. The fluorescence intensity of 1,-contain-
ing ODN exhibited a linear relationship with the amount of
the complementary DNA at a constant concentration of the
ODN. As seen in Figure 7a, the fluorescent intensity of an
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[a] 2.5 um DNA, 50 mm sodium phosphate buffer solution (pH 7.0),
100 mm sodium chloride. [b] Excited at 488 nm. [c] Excited at 4,,,, (longer
wavelength when there are two A,,,, values). [d] The ratio of the fluores-
cence intensities at the ., of duplex and single-stranded states.

ODNI1 (n=4)-containing solution increased in proportion to
the amount of the added ODNY’, and reached a plateau
when the ODN1/ODN1Y’ ratio became 1:1. The 1) -contain-
ing ODN allows determination of the existence of the hy-
bridizable target strand with the naked eye. As shown in
Figure 7b, hybridization of ODN1 (n=4) with the comple-
mentary ODNT’ resulted in emission of a light-green fluo-
rescence upon irradiation with a 150-W halogen lamp. Emis-
sion from the hybrid was clearly distinguishable from a very
weak fluorescence observed for nonhybridized ODN1 (n=
4).

Having established the fluorescence character of the new
hybridization-sensitive probes, we tested the DNA analysis
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Figure 7. DNA detection. a) Linear relationship between the amount of
ODN1Y' and the fluorescence intensity of ODN1 (n=4). The fluorescent
intensity of ODN1 (1.0 um) at 529 nm was measured in a solution of
50 mm sodium phosphate buffer solution (pH 7.0) and 100 mm sodium
chloride containing 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, and 3.0 um of ODNY’
at 25°C. b) Fluorescence emission in cuvettes. The fluorescence from a
solution containing 2.5 pv ODN1 (n=4) (left) or ODN1 (n=4)/ODN1’
(right) was measured in 50 mm sodium phosphate buffer solution
(pH 7.0) containing 100 mm sodium chloride upon irradiation with a 150-
W halogen lamp.

by means of dot blotting with the new probes. The target
DNA sequences were the short DNA fragments that con-
tained a B1 RNA sequence, which is one of the short inter-
spersed nuclear elements in rodent genomes,” and the
short DNA fragment containing a 4.5S RNA sequence,
which is one of the small nuclear RNA molecules isolated
from rodent cells and has extensive homology to the Bl
family.?!! We prepared blotting probes ODN (antiB1) and
ODN (anti4.58S) in which two 14 nucleotides were incorpo-
rated for higher fluorescence intensity and higher sensitivity.
Multiple incorporation of 1, into a single probe is one of
the valuable merits of our probes that is different from
single fluorescence labeling of a conventional on—off probe,
such as a molecular beacon. A nylon membrane sheet in
which the denatured DNA fragments were spotted was incu-
bated in a solution of the probe, ODN (anti4.5S) or ODN
(antiB1). The fluorescence of the blot spots was immediately
readable at room temperature with a fluorescence-imaging
instrument without repetitive washing processes after the
blotting assay (Figure 8). As a result of incubation with the
new probes, a strong emission from the spots of a 4.5S se-
quence was obtained for the addition of ODN (anti4.5S),
whereas the emission from the spots of a B1 sequence was
negligible. In contrast, the addition of ODN (antiB1)
showed a strong fluorescence signal for the spots of a B1 se-
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Figure 8. Dot blotting of DNA. a) Illustration of a nylon membrane in
which different DNA sequences were applied. The four upper spots are
for 458 RNA sequence-containing DNA, and the four lower spots are
for B1 RNA sequence-containing DNA. b) Fluorescence emission from
the membrane after incubation in a solution containing ODN (anti4.5S).
¢) Fluorescence emission from the membrane after incubation in a solu-
tion containing ODN (antiB1).

quence, whereas a very weak fluorescence was observed for
the spots of a 4.5S sequence. Our probes did not require nu-
merous washing processes or antibody and enzyme-treating
processes after blotting, which is quite different from the
conventional blotting assays.

Conclusions

In conclusion, we designed conceptually new on—off fluores-
cent DNA probes. We used fluorescence quenching by the
exciton coupling effect of thiazole orange dyes. Aggregation
of two dyes tethered to a single nucleotide in DNA dramati-
cally changes the photophysical properties of the dyes, as
demonstrated by the large spectral shifts relative to the ab-
sorption of the monomeric dyes binding to DNA. Although
the fluorescent intensity of our probes was effectively altera-
ble by control of an excitonic interaction between the teth-
ered dyes, it is still unavoidable that the quenching ability
changes to some degree depending on the probe sequence,
as seen in Figure 1. However, the present approach with an
excitonic interaction exhibits a quenching ability that is high
enough to work as an on—off probe, and also includes many
advantages that are quite different from conventional
assays: 1) the same two dyes covalently bind to one nucleo-
tide, thus permitting lower costs and easy synthesis; 2) the
strand ends do not need to be occupied by dyes, thus appli-
cation to biological studies, such as the primers of PCR and
the capture probes of DNA chips, may be unlimited; 3) it is
not necessary to prepare any sequences for a higher-order
structure formation to control fluorescence intensity, thus all
of the probe sequence can be used for sequence recognition;
4) any thymines in a sequence can be replaced by the la-
beled nucleotides, thus multiple labeling of a strand is easy
from the point of view of probe synthesis and effective for
enhancement of fluorescence intensity, as in the experiment
with ODN (anti4.5S) and ODN (antiB1); 5) mobility of dyes
covalently linked to one nucleotide is restricted, thus fluo-
rescence quenching is effectively controlled. Design of such
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an on-off fluorescent nucleotide is very important for the
establishment of bioimaging assays without repetitive wash-
ing processes. The photophysical property exhibited by exci-
ton-controlling probes is not only unique, but also applicable
to the design of new fluorescent DNA probes for DNA se-
quencing, genotyping, monitoring of DNA structural transi-
tions, and observation of gene expression.

Experimental Section

Materials and Methods

'H, BC, and *'P NMR spectra were measured with a JEOL JNM-a400.
Coupling constants (J value) are reported in hertz. The chemical shifts
are shown in ppm with residual dimethyl sulfoxide (6=2.48 in 'H NMR,
0=39.5 in B*CNMR) and methanol (0=3.30 in 'HNMR, 0=49.0 in
BCNMR) as internal standards. An external H;PO, standard (0=
0.00 ppm) was used for *'P NMR measurements. ESI mass spectra were
recorded on a Bruker Daltonics APEC-II. Reversed-phase HPLC was
performed on CHEMCOBOND 5-ODS-H columns (10 x 150 mm?) with
a Gilson Chromatograph, Model 305 by using a UV detector, Model 118,
at 260 nm. UV and fluorescence spectra were recorded on a Shimadzu
UV-2550 spectrophotometer and RF-5300PC spectrofluorophotometer,
respectively.

Syntheses

24): 2-Methylbenzothiazole (11.7 mL, 92 mmol) and 5-bromovaleric acid
(13.7 g, 76 mmol) were mixed and stirred at 150°C for 1h. Methanol
(50 mL) and then diethyl ether (200 mL) were added to the reaction mix-
ture. The precipitate was filtered and washed with diethyl ether. The resi-
due was dried under reduced pressure to give a light-purple powder
(19.2 g). As the powder was a mixture of 2, and 2-methylbenzothiazoli-
um bromide, the yield of 2, was calculated from the ratio of the areas of
the proton peaks at 8.5 and 8.0 ppm of the 'H NMR spectrum of the mix-
ture in [D4]DMSO, which were derived from 2, and 2-methylbenzothia-
zolium bromide, respectively. The yield of 24, was estimated as 9.82 g
(14 mmol, 32 %). This mixture was used for the next reaction without fur-
ther purification.

2): The compound was synthesized according to the synthetic protocol
of 2. The yield of 23, was 4 %.

2;): The compound was synthesized according to the synthetic protocol
of 2. The yield of 2, was 35 %.

2): The compound was synthesized according to the synthetic protocol
of 2. The yield of 2, was 22 %.

3 Quinoline methiodide (1.36 g, 5.0 mmol) and triethylamine (7.0 mL,
50 mmol) were added to a mixture (3.24 g) of 24 and 2-methylbenzothia-
zolium bromide in dichloromethane (100 mL). The resulting clear solu-
tion was stirred at 25°C for 16 h. The solvent was removed under re-
duced pressure. Acetone (200 mL) was then added to the residue. The
precipitate was filtered and washed with acetone. The residue was dried
under reduced pressure and the red residue was washed with distilled
water (50 mL). The precipitate was filtered and washed with distilled
water. The residue was dried under reduced pressure to give 34 as a red
powder (654 mg, 1.39 mmol, 28%): '"HNMR ([D¢]DMSO): 6=38.74 (d,
J=83Hz, 1H), 851 (d, /=73 Hz, 1H), 7.94-7.89 (m, 3H), 7.74-7.70 (m,
1H), 7.65 (d, J=8.3 Hz, 1H), 7.55-7.51 (m, 1H), 7.36-7.32 (m, 1H), 7.21
(d, /=73 Hz, 1H), 6.83 (s, 1H), 447 (t, J=7.1 Hz, 2H), 4.07 (s, 3H),
222 (t, J=6.6 Hz, 1H), 1.77-1.63 ppm (m, 4H); *CNMR ([D4]DMSO,
60°C): 0 =174.6, 158.8, 148.4, 144.5, 139.5, 137.6, 132.7, 127.9, 126.8,
125.5, 124.1, 123.7, 123.6, 122.4, 117.5, 112.6, 107.6, 87.4, 45.6, 42.0, 35.5,
26.2,22.3 ppm; HRMS (ESI): calcd for C,3H»;N,0,S: 391.1480 [M—Br]t;
found: 391.1475.

33 The compound was synthesized according to the synthetic protocol
of 3. Yield=43%. 'H NMR ([D,]DMSO): §=8.85 (d, J=8.3 Hz, 1H),
8.59 (d, /=73 Hz, 1H), 8.02-7.93 (m, 3H), 7.78-7.70 (m, 2H), 7.61-7.57
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(m, 1H), 7.42-7.38 (m, 1H), 7.31 (d, J=6.8 Hz, 1H), 7.04 (s, 1 H), 4.47 (t,
J=8.1Hz, 2H), 4.13 (s, 3H), 2.52-2.48 (m, 2H), 1.99-1.92 ppm (m, 2H);
13C NMR ([D,JDMSO, 60°C): 6 =174.3, 158.9, 148.6, 144.5, 139.5, 137.7,
1327, 127.9, 126.7, 125.6, 124.1, 124.0, 123.7, 122.5, 117.5, 112.5, 107.6,
87.7, 45.6, 42.0, 31.6, 22.4 ppm; HRMS (ESI): caled for C,,H,N,0,S:
377.1324 [M—Br]*; found: 377.1316.

3): The compound was synthesized according to the synthetic protocol
of 3. Yield=26%. 'HNMR ([D,JDMSO): 6=8.70 (d, J=8.3 Hz, 1H),
8.61 (d, J=6.8 Hz, 1H), 8.05-8.00 (m, 3H), 7.80-7.73 (m, 2H), 7.60-7.56
(m, 1H), 7.41-7.35 (m, 2H), 6.89 (s, 1H), 4.59 (t, J=7.3 Hz, 2H), 4.16 (s,
3H), 2.19 (t, /=73 Hz, 1H), 1.82-1.75 (m, 2H), 1.62-1.43 ppm (m, 4H);
“C NMR ([D¢]DMSO, 60°C): § =174.5, 159.0, 148.6, 144.7, 139.7, 137.8,
132.9, 127.9, 126.9, 1252, 124.2, 123.8, 123.6, 122.6, 117.8, 112.6, 107.7,
87.4, 45.6, 42.1, 36.0, 26.3, 25.9, 24.9 ppm; HRMS (ESI): calcd for
CH,sN,0,S: 405.1637 [M—Br]*; found: 405.1632.

3): The compound was synthesized according to the synthetic protocol
of 3. Yield=22%. 'HNMR ([D,JDMSO): =872 (d, /=83 Hz, 1H),
8.62 (d, J=6.8 Hz, 1H), 8.07-8.01 (m, 3H), 7.81-7.75 (m, 2H), 7.62-7.58
(m, 1H), 7.42-7.38 (m, 2H), 6.92 (s, 1H), 4.61 (t, J=7.3 Hz, 2H), 4.17 (s,
3H), 2.18 (t, /=73 Hz, 1H), 1.82-1.75 (m, 2H), 1.51-1.32 ppm (m, 6 H);
C NMR ([Dg]DMSO, 60°C): 6 =174.0, 159.1, 148.6, 144.7, 139.8, 137.8,
132.9, 127.9, 126.8, 125.0, 124.2, 123.8, 123.6, 122.6, 118.0, 112.7, 107.8,
87.4, 45.5, 42.1, 33.4, 27.9, 26.4, 25.5, 24.1 ppm; HRMS (ESI): calcd for
CysHyN,0,S: 419.1793 [M—Br]*; found: 419.1788.

4. N-Hydroxysuccinimide (4.6 mg, 40 umol) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (7.7 mg, 40 pmol) were added
to a solution of 34, (9.4 mg, 20 pmol) in N,N-dimethylformamide (DMF;
0.50 mL) and stirred at 25°C for 16 h. The reaction mixture was used for
the next reaction with DNA 8 without purification.

4., 4, and 4. The compound was synthesized according to the syn-
thetic protocol of 4.

6: N-Hydroxysuccinimide (460 mg, 4.0 mmol) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (767 mg, 4.0 mmol) were added
to a solution of (E)-5-(2-carboxyvinyl)-2’-deoxyuridine (5; 597 mg,
2.0 mmol) in DMF (5.0 mL) and stirred at 25°C for 3 h. After the addi-
tion of acetic acid (0.5 mL), the solution was dropped into the mixture of
dichloromethane (100 mL) and water (100 mL) with vigorous stirring.
The precipitate was filtered and washed with water. The residue was
dried under reduced pressure overnight. The white residue was suspend-
ed in acetonitrile (50 mL) and vigorously stirred. Tris(2-aminoethyl)-
amine (3.0 mL, 20 mmol) was added to the suspension and was stirred at
25°C for 10 min. Ethyl trifluoroacetate (4.8 mL, 40 mmol) and triethyl-
amine (5.6 mL, 40 mmol) were added to the suspension and stirred at
25°C for 16 h. The mixture was concentrated under reduced pressure and
purified by silica gel column chromatography (5-10 % methanol/dichloro-
methane). The solvent of the fraction that contained 6 was removed
under reduced pressure. The residue was dissolved in a small amount of
acetone. A white powder precipitated from the mixture upon the addition
of diethyl ether. The precipitate was filtered and washed with ether and
then dried under reduced pressure to give 6 as a white powder (453 mg,
37%). 'HNMR (CD;OD): 6=8.35 (s, 1H), 7.22 (d, J=15.6 Hz, 1H),
7.04 (d, J=15.6 Hz, 1H), 6.26 (t, /J=6.6 Hz, 1H), 4.44-4.41 (m, 1H),
3.96-3.94 (m, 1H), 3.84 (dd, /=122, 29 Hz, 1H), 3.76 (dd, J=122,
3.4 Hz, 1H), 3.37-3.30 (m, 6H), 2.72-2.66 (m, 6H),2.38-2.23 ppm (m,
2H); "*CNMR (CD;0OD): 6=169.3, 163.7, 159.1 (q, J=36.4 Hz), 151.2,
143.8, 134.3, 122.0, 117.5 (q, /=286 Hz), 110.9, 89.1, 87.0, 71.9, 62.5, 54.4,
53.9, 41.7, 389, 38.7ppm; HRMS (ESI): caled for C,H,F¢N¢Oq:
619.1951 [M +H]*; found: 619.1943.

7: A solution of 6 (618 mg, 1.0 mmol) and 4,4’-dimethoxytrityl chloride
(373 mg, 1.1 mmol) in pyridine (10 mL) was stirred at 25°C for 16 h.
Water (0.5 mL) was added to the reaction mixture and then the mixture
was concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (2-4% methanol and 1% triethyl-
amine in dichloromethane). The fraction containing the product was then
concentrated. Saturated aqueous sodium bicarbonate was added to the
residue, and then the mixture was extracted with ethyl acetate, washed
with brine, and dried under reduced pressure to give the tritylated prod-
uct as white foam (735 mg, 80%): '"HNMR (CD;OD): 6=7.91(s, 1H),
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7.39-7.11 (m, 9H), 7.02 (d, /=15.6 Hz, 1H), 6.93 (d, /=15.6 Hz, 1H),
6.80-6.78 (m, 4H), 6.17 (t, J=6.6 Hz, 1H), 4.38-4.35 (m, 1H), 4.06-4.04
(m, 1H), 3.68 (s, 6H), 3.32-3.22 (m, 8H), 2.66-2.55 (m, 6H), 2.40 (ddd,
J=13.7, 5.9, 29 Hz, 1H), 2.33-2.26 ppm (m, 1H); "C NMR (CD;O0D):
0=168.9, 163.7, 160.1, 159.1 (q, J=36.9 Hz), 151.0, 146.1, 143.0, 137.0,
136.9, 134.1, 131.24, 131.16, 129.2, 1289, 128.0, 122.5, 117.5 (q, J=
286.7 Hz), 114.2, 110.9, 88.1, 87.9, 87.6, 72.6, 65.0, 55.7, 54.2, 53.9, 41.7,
38.9 ppm, 38.6; HRMS (ESI): calcd for C,;3H,FeNgO,o: 921.3258 [M+
H]*; found: 921.3265. Acetonitrile (5.0 mL) and 2-cyanoethyl N,N,N',N'-
tetraisopropylphosphordiamidite (191 pL, 0.60 mmol) were added to a
mixture of tritylated nucleoside (188 mg, 0.20 mmol) and 1H-tetrazole
(28 mg, 0.40 mmol) dried in a round-bottom flask. The mixture was
stirred at 25°C for 2 h. After confirmation of the end of the reaction by
TLC, the reaction mixture was diluted with a saturated aqueous solution
of sodium bicarbonate and extracted with ethyl acetate. The organic
phase was washed with brine, dried over anhydrous magnesium sulfate,
filtered, and concentrated in vacuo to give 7. *'P NMR (CDCL): 0=
149.686, 149.430; HRMS (ESI): caled for Cs,HgFoNgO P: 1121.4336
[M+H]"; found: 1121.4342. Compound 7 was used for automated DNA
synthesis without further purification.

8: DNA oligomers were synthesized by a conventional phosphoramidite
method by using an Applied Biosystems 392 DNA/RNA synthesizer.
Commercially available phosphoramidites were used for dA, dG, dC, and
dT. The synthesized DNA oligomer was cleaved from the support with
28 % aqueous ammonia and deprotected at 55°C for 4 h followed by in-
cubation at 25°C for 16 h. After removal of ammonia from the solution
under reduced pressure, the DNA was purified by reversed-phase HPLC
on a 5-ODS-H column (10x150 mm?, elution with a solvent mixture of
0.1™ triethylamine acetate (TEAA), pH 7.0, with a linear gradient over
30 min from 5% to 30% acetonitrile at a flow rate of 3.0 mLmin"). For
determination of the concentration of each DNA molecule, the purified
DNA was fully digested with calf-intestine alkaline phosphatase (50 U/
mL), snake-venom phosphodiesterase (0.15 U/mL), and P1 nuclease (50
U/mL) at 25°C for 16 h. Digested solutions were analyzed by HPLC on a
CHEMCOBOND 5-ODS-H column (4.6 x 150 mm), eluted with a solvent
mixture of 0.1m TEAA, pH 7.0, flow rate of 1.0 mLmin~'. The concen-
tration was determined by comparing peak areas with a standard solution
containing dA, dC, dG, and dT at a concentration of 0.1 mM. The DNA
was also identified by MALDI-TOF mass spectrometry. CGCAATS-
TAACGC, caled for C3H;7,N5,O4Py,: 4103.8 [M+H]*; found: 4107.0;
TTTTTT8TTTTTT, caled for C;33H;;N3,OgPy,: 4077.8 [M +H]*; found:
4076.9; TGAAGGGCTTS8TGAACTCTG, caled for CyysHyesN77015,P ot
63482 [M+H]*; found: 63487, GCCTCCT8CAGCAAATC-
C8 ACCGGCGTG, caled for CpgsHi76N1050160P27: 8855.0 [M +H]*; found:
8854.8; CCTCCCAAGSGCTGGGATS8AAAGGCGTG, caled for
CogoH376N1160165P27: 8999.1 [M +H]™; found: 9002.2.

Bis(thiazole orange)-containing DNA 1,,: A solution of N-hydroxysucci-
nimidyl esters of thiazole orange, 4,, (50 equiv to an active amino group
of DNA) in DMF was added to a solution of deprotected DNA in
100 mm sodium carbonate buffer solution (pH 9.0) and incubated at 25°C
for 16 h. The reaction mixture was diluted with water and passed through
a 0.45-um filter. The product was purified by reversed-phase HPLC on a
5-ODS-H column (10x 150 mm?, elution with a solvent mixture of 0.1M
TEAA, pH 7.0, linear gradient over 30 min from 5% to 30 % acetonitrile
at a flow rate of 3.0 mLmin"'). The concentration of the fluorescent
DNA was determined by the same method as described in the DNA syn-
thesis. The fluorescent DNA was identified by MALDI-TOF mass spec-
trometry. ODN1 (n=3), CGCAAT1;TAACGC, caled for
C2sH13N5sOP1,S,: 4820.7 [M—H]*; found: 4818.9; ODN1 (n=4),
CGCAAT1, TAACGC, caled for CigH,;N5O7PS, 4848.8 [M—H]*;
found: 4751.4; ODN1 (n=5), CGCAAT15TAACGC, caled for
C5oH N5gOP,S,: 4876.8 [M—H]*; found: 4875.6; ODN1 (n=6),
CGCAAT1,TAACGC, caled for CigH,sNscO7P1,S,: 4904.9 [M—H]*;
found: 4903.6; ODN2, TTTTTT1, TTTTTT, caled for
CigH,: N3, O00P .S, 48228 [M—H]|*; found: 4821.4; ODN3,
TGAAGGGCTT1, TGAACTCTG, caled for Cp5iH30sNgOyp4P16S,:
7093.2 [M-H]*; found: 7092.3; ODN (anti4.58S),
GCCTCCT1, CAGCAAATCC1, ACCGGCGTG, caled for
CyHysgN1160173P5;S,: 103449 [M—-3H]*; found: 10342.7;, ODN
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(antiB1), CCTCCCAAG14,GCTGGGAT1,AAAGGCGTG, caled for
Cy51Hus6N124017,P»,S,: 10489.0 [M—3H]*; found: 10489.8. The synthetic
protocol of 9),-containing DNA, ODN4 and ODNS, and their mass data
are described in the Supporting Information.

Absorption, Fluorescence, and CD Measurements

Absorption, fluorescence, and CD spectra of the fluorescent probes
(2.5 um, single strand or duplex concentration) were measured in 50 mm
sodium phosphate buffer solution (pH 7.0) containing 100 mm sodium
chloride by using a cell with a 1-cm path length. The excitation and emis-
sion bandwidths were 1.5 nm.

Melting-Temperature Measurements

The T,, values of duplexes (2.5 pm, final duplex concentration) were mea-
sured in 50 mM sodium phosphate buffers (pH 7.0) containing 100 mm
sodium chloride. The absorbance of the samples was monitored at
260 nm from 10°C to 90°C with a heating rate of 0.5°Cmin'. From
these profiles, first derivatives were calculated to determine the value of
T

Dot-Blot Analysis

We prepared two DNA fragments: a DNA duplex containing a 4.5S
RNA sequence, 5-d(GCCGGTAGTGGTGGCGCACGCCGGTAG-
GATTTGCTGAAGGAGGCAGAGGCAGGAGGATCACGAGTTC-
GAGGCCAGCCTGGGCTACACATTTTTTT)-3’ and its complementa-
ry DNA; and a DNA duplex containing a Bl RNA, 5-
d(GCCGGGCATGGTGGCGCACGCCTTTAATCCCAGCACTTGG-
GAGGCAGAGGCAGGCGGATTTCTGAGTTCGAGGCCAGCCTG-
GTCTACAGAGTGAG)-3’ and its complementary DNA. The DNA du-
plexes were denatured in 0.5M sodium hydroxide and 1M sodium chlo-
ride. Aliquots of DNA were dotted onto a positively charged nylon mem-
brane (Roche). After wetting the membrane sheet with 50 mm sodium
phosphate and 100 mm sodium chloride, the sheet was incubated in
50 mm sodium phosphate, 100 mm sodium chloride, and 100 pgmL™"
salmon sperm DNA at 50°C for 30 min. After the addition of a solution
of probe (150 pmol of ODN (anti4.5S) or ODN (antiB1)) in 50 mm
sodium phosphate and 100 mm sodium chloride, the sheet was incubated
at 50°C for 1h. The hybridization buffer solution was removed after
being cooled to room temperature, and then the fluorescence from the
membrane sheet was observed in a fresh sodium phosphate buffer solu-
tion by using a VersaDoc imaging system (BioRad). The light from a UV
transilluminator Model-2270 (Wakenyaku) through a UV/blue converter
plate (UVP) was used as the excitation light.
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Abstract: A new three-residue turn
was serendipitously discovered in o/f
hybrid peptides derived from alternat-
ing C-linked carbo-B-amino acids (f3-
Caa) and r-Ala residues. The three-res-
idue p-a-p turn at the C termini,
nucleated by a helix at the N termini,
resulted in helix-turn (HT) supersecon-
dary structures in these peptides. The
turn in the HT motif is stabilized by
two H bonds—CO(i—2)-NH(i), with a
seven-membered pseudoring (v turn) in
the backward direction, and NH(i—2)-

in the forward direction (i being the
last residue)—at the C termini. The
study was extended to generalize the
new three-residue turn (B-a-f) by using
different a- and p-amino acids. Fur-
thermore, the HT motifs were efficient-
ly converted, by an extension with heli-
cal oligomers at the C termini, into
peptides with novel helix-turn-helix

Keywords: conformation analysis -
helical structures - hydrogen bonds -
peptides - tyligomers

(HTH) tertiary structures. However,
this resulted in the destabilization of
the B-a-p turn with the concomitant
nucleation of another three-residue
turn, a-f-f, which is stabilized by 11-
and 15-membered bifurcated H bonds.
Extensive NMR spectroscopic studies
were carried out to delineate the sec-
ondary and tertiary structures in these
peptides, which are further supported
by molecular dynamics (MD) investiga-
tions.

CO(i), with a 13-membered pseudoring

Introduction

Proteins and peptides adopt compact three-dimensional
structures to play myriad roles in biological processes. De-
tails of the complex tertiary and quaternary structures in
proteins, which are assembled from a limited number of sec-
ondary structures such as helices, strands, and turns, permit
the understanding of their functions at the molecular level.
Reverse turns!! are often located at protein surfaces, where
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their structural compactness as well as the desirable orienta-
tion of the side chains permit them to participate actively in
protein folding. f-Turns, the simplest defined loops, are the
most frequently found reverse turns; their design principles
are well-understood. On the other hand, reports on three-
residue loops are scanty, thus providing the desired impetus
to design such structural elements. Recently, Balaram and
co-workers®? designed a three-residue loop comprising D-
Pro-L-Pro-p-Ala in a f3-hairpin. Herein we describe the syn-
thesis and discovery of novel three-residue turns as well as
helix-turn (HT) and helix-turn-helix (HTH) motifs in a/f3
hybrid peptides 2-11 (Scheme 1).

a/p Hybrid peptides™ have been extensively studied in
the recent past, and Gellman and co-workers®*¢! has amply
emphasized their biological implications and self-assembly
into quaternary helix bundles.®™™ In our studies, o/p-pep-
tides containing alternating r-Ala and C-linked $-Caa, with
the L-Ala—p-Caa-L-Ala (a-f-a) sequence at the C terminus,
formed very robust 11/9 mixed helices.*! To understand the
inherent features of o/f-peptides with the B-Caa-L-Ala—f3-
Caa (B-0-f) sequence at the C termini further, several pep-
tides (1, 2, 3a, 5, 6a, and 7) were synthesized, and extensive
NMR spectroscopic (in CDCl;), molecular dynamics (MD),
and CD investigations were undertaken to obtain their

] 7 pr_\'t_LE_eY r_Science* 969




www.interscience.wiley.com



FULL PAPERS

H
O._N OCH,
0 )( g
)J\ 0C1[3 0 (o) 0
o N H,CO' |
o s

)

L-Ala )<O B-Caa

1 Boc-B-Caa-L-Ala-p-Caa-OMe
2 Boc-1-Ala-pB-Caa-L-Ala--Caa-OMe
3 Boc-L-Ala-pB-Caa-L-Ala-B-Caa-Xxx-B-Caa-OMe
3a Xxx = L-Ala; 3b Xxx = L-Pro; 3¢ Xxx = D-Pro
4 Boc-L-Ala-B-Caa-L-Ala-B-D-hAla-L-Ala-B-D-hAla-OMe
5 Boc-L-Ala-(B-Caa-L-Ala),-B-Caa-L-Ala-B-Caa-OMe
6 Boc-p-Caa-L-Ala-B-Caa-Xxx-p-Caa-OMe
6a Xxx = L-Ala; 6b Xxx = L-Val; 6¢ Xxx = Aib
7 Boc-(B-Caa-L-Ala),-p-Caa-L-Ala-p-Caa-OMe
8 Boc-p-Caa-L-Ala-B-Caa-Xxx-B-Caa-(B-Caa-L-Ala),-OMe
8a Xxx = L-Ala; 8b Xxx =L-Val; 8¢ Xxx = Aib
9 Boc-L-Ala-(B-Caa-L-Ala),-B-Caa-(B-Caa-L-Ala),-OMe
10 Boc-(B-Caa-L-Ala),-B-Caa-L-Ala-p-Caa-(p-Caa-L-Ala),-OMe
11 Boc-L-Ala-B-Caa-L-Ala-B-hGly-Xxx-B-hGly-OMe
11a Xxx = L-Ala; 11b Xxx = L-Pro; 11¢ Xxx = D-Pro

Scheme 1. Structures of peptides 1-11. p-Caa=-carbo--amino acid, h=
helical.

structures.”’! Unlike our earlier study, an unusual and novel
three-residue B-o-p turn was generated at the C termini,’!
nucleated by an 11/9-helix at the N termini, thus resulting in
a rather well-defined HT motif in these peptides in this
study To generalize the above results, oligomers 3b, 3¢, 4,
6b, 6¢, and 11 were prepared in which the o- and f-amino
acids in the C-terminal B-o-f fragment have been replaced
with L-Val, L-Pro, p-Pro, Aib, f-p-hAla, and 3-hGly, respec-
tively. Several of these peptides resulted in the HT motifs.
These motifs were further exploited by attaching helically
folded peptides at the C termini in the design of novel HTH
scaffolds. Interestingly, these folds nucleated yet another
novel three-residue a-B-p turn. Detailed structural studies of
peptides 1-11 are presented in this article.’

Results and Discussion
Synthesis of Peptides 1-11

The o/B-peptides 1-3, 5, 6, 8, and 9 (Scheme 2) and 4, 7, 10,
and 11 (Scheme 3) were prepared from a-amino acids (L-
Ala, L-Val, L-Pro, p-Pro, and Aib) and p-Caa 12,/ f-p-hAla,
and B-hGly by standard peptide coupling (EDCI/HOBt and
DIPEA) in solution.

Accordingly, Boc-f3-Caa-OMe (12; Scheme 2), upon base
hydrolysis with 4N aqueous NaOH, gave the acid 12a,
which upon exposure to CF;COOH in CH,Cl, was convert-
ed into the salt 12b. Condensation of 12a in the presence of
EDCI, HOBt, and DIPEA in CH,Cl, with the HCI salt of L-
Ala-OMe (13) afforded the dipeptide 15. Base hydrolysis of
ester 15 resulted in the corresponding acid 16a, which upon
exposure to CF;COOH gave the salt 16b. Furthermore, pep-
tide coupling of 16a independently with 12b and 16b result-
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ed in the tripeptide 1 and the tetrapeptide 17, respectively.
Ester 17 upon base (NaOH) and acid (CF;COOH) hydroly-
sis independently gave the acid 18a and the salt 18b, respec-
tively.

Acids 14a—e were coupled with amine salt 12b to give the
dipeptides 19a—e (Scheme 2), which upon exposure to
CF;COOH in CH,(l, afforded 20a—e. Coupling of salt 20a
with acid 21 (prepared from 19a by reaction with 4N
NaOH) in the presence of EDCI, HOBt, and DIPEA in
CH,(l, gave the tetrapeptide 2, which upon base hydrolysis
and peptide coupling of the corresponding acid 22 with the
salts 20a, 20d, and 20 e furnished hexapeptides 3a—c, respec-
tively. Peptide 3a was converted into acid 23 by base hydrol-
ysis and coupled with amine salts 20a and 18b to furnish the
peptides 5 and 9, respectively.

Treatment of acid 24, prepared from tripeptide 1 (by reac-
tion with 48 NaOH), with the salts 20a—c afforded penta-
peptides 6a—c, respectively. Esters 6a—c were subjected to
base hydrolysis to give the acids 25a—c¢, which upon further
coupling with 18b furnished the nonapeptides 8a—c, respec-
tively.

Peptide coupling of acid 25a with the salt 20a resulted in
the heptapeptide 7 (Scheme 3), which upon base hydrolysis
afforded acid 26. Condensation of acid 26 with salt 18b gave
the undecapeptide 10. Likewise, reaction of 14a with salt 28,
obtained from 27 (prepared by the homologation of Boc-D-
Ala-OH) by Boc deprotection (CF;COOH in CH,Cl,), re-
sulted in dipeptide 29. Base hydrolysis (4N NaOH) of 29
and coupling of the resulting acid 30b with salt 30a (pre-
pared by Boc deprotection of 29) gave the tetrapeptide 31.
Salt 32 (prepared from 31), upon coupling with the acid 21,
afforded hexapapeptide 4.

Similarly, acids 14a, 14d, and 14e, upon coupling with 33,
gave dipeptides 34a-c, respectively, which upon reaction
with CF;COOH in CH,Cl, afforded 35a—c. Coupling of acid
21 with the salt 35a furnished tetrapeptide 36, which upon
base hydrolysis gave the acid 37. Furthermore, condensation
of acid 37 with salts 35a—c gave the peptides 11a—c, respec-
tively.

Conformational Analysis

NMR spectroscopic studies of the peptides were carried out
in 3-10 mm solutions in CDCl; usually at 278-303 K. The
'HNMR spectrum of tripeptide 1 showed no signature
peaks for any secondary structure.” For the tetrapeptide 2,
the amide protons NH2 and NH3 displayed large chemical
shifts (0) of >7 ppm; however, solvent titration studies per-
formed by adding up to 33% (v/v) [D¢]DMSO (dimethyl
sulfoxide) showed that the change in their chemical shifts
(A0) was smaller than 0.89 ppm, thus implying their partici-
pation in H bonding.”) Furthermore, for B residues, the cou-
pling constant *Jey e < 5.9 Hz, which suggests a predomi-
nance of a single rotamer population about the Ca—Cp
bond, with N-CB-Ca~CO ~60°. However, 3]NH$CGH (a resi-
dues) and *Jyycpu (B-residues), which had values between
6.5 and 7.7 Hz, differed considerably from those observed

Chem. Asian J. 2008, 3, 969 — 983
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14; Boc-Xxx-OH
14a; Boc-L-Ala-OH
14b; Boc-1L.-Val-OH
14c¢; Boc-Aib-OH
14d; Boc-L-Pro-OH
14e¢; Boc-D-Pro-OH

> Boc-f-Caa-L-Ala-OR

H-L-Ala-OMe+HCI (13)

15R=Me;16aR=H

a

a
Boc-B-Caa-L-Ala-B-Caa-L-Ala-OCH; ——» Boc-p-Caa-L-Ala-B-Caa-L-Ala-OH

18a

b
\—> H-B-Caa-L-Ala-B-Caa-L-Ala-OCH;eCF;CO,H

b
—» H-p-Caa-OMe+CF,CO,H
a 12b
Boc-B-Caa-OMe —> Boc-B-Caa-OH
12 12a
b
15 -  -B-Caa-L-Ala-OMeeCI;CO,H
16b
c c
1] - 16a
16b
12b 17
12b e
Boe-Xxx-OH Boc-Xxx-B-Caa-OMe
14a—e¢ 19a-e¢
b c

18b

b
— 3 H-Xxx-p-Caa-OMe«CF,CO,H

20a—e

c 3a

199 ———» Boc-L-Ala-p-Caa-OH —— > 2— > Boc-L-Ala-B-Caa-L-Ala-B-Caa-OH ————> 3,

20a
21

a

3a —— Boc-L-Ala-B-Caa-1.-Ala-B-Caa-L-Ala-B-Caa-OH——— 5§

2 20a, 20d, 20e 3¢

3a Xxx =L-Ala
c 3b Xxx =L-Pro
3¢ Xxx = D-Pro

23 20a
c
9

a c a
1 — Boc-B-Caa-L-Ala-p-Caa-OH ———— 6a, 6b, 6c —» Boc-p-Caa-L-Ala-p-Caa-Xxx-B-Caa-OH
20a, 20D, 20
4 * ¢ 252 Xxx = L-Ala
c 25b Xxx =L-Val
——>» 8a, 8b, 8¢ 25¢ Xxx = Aib
18b

Scheme 2. Synthesis of o/f-peptides 1-3, 5, 6, 8, and 9. Reagents and conditions: a) aqueous NaOH (4N), MeOH, 0°C—room temperature, 2 h;
b) CF;COOH, dry CH,Cl,, 2 h; ¢) HOBt (1.2 equiv), EDCI (1.2 equiv), DIPEA (1.5 equiv), dry CH,Cl,, 0°C—room temperature, 4 h. Boc =tert-butoxy-
carbonyl, DIPEA = diisopropylethylamine, EDCI = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOBt = 1-hydroxybenzotriazole.

for an 11/9-helix in o/f-peptides with the a-f-a sequence at
the Ctermini.’*¢! Although the medium-range NOE en-
hancements for CaH(1)/NH(3) and NH(2)/NH(3) are char-
acteristic of a putative 11/9-helix at the N terminus, the pres-
ence of distinct NOE enhancements for C4H(2)/NH(4) and
CoH(1)/NH(4) suggests some variation from a regular 11/9-
helix at the C terminus. To obtain more definitive informa-
tion on the underlying structure, larger oligomers 3a, 5, 6a,
and 7 were investigated.

For hexapeptide 3a, all amide protons except NH(1) res-
onated at 0 >7 ppm, thus suggesting their involvement in
H bonding. Further confirmation of their participation in
H bonding was obtained from the solvent titration studies
(Figure 22),*" in which, by adding up to 33% (v/v)
[D¢]DMSO, it was found that these amide protons display
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small A¢ values (maximum Ad < 0.80 ppm). The distinguish-
ing features of an 11/9-helical pattern,”* which encompass-
es residues 2-4, are supported by *Jyycan=>5.3 Hz for the
a residue and *Jyg cp > 9.0 Hz and ey cpu < 5.3 Hz for the
B residues, as well as by the CaH(1)/NH(3), CaH(3)/NH(5),
and NH(2)/NH(3) NOE cross-peaks. However, the NOE
correlations C4H(4)/NH(6), CaH(3)/NH(6), NH(4)/NH(5),
NH(4)/NH(6), and NH(5)/NH(6) (Figure 1 and Figure 2b),
which involve the C-terminal residues, confirm the structural
difference from those for 11/9-helices reported earlier. The
proximity of CaH(3) to NH(6) as well as the short distance
between the three amide protons at the C terminal suggests
the presence of an unusual turn. The hexapeptide seems to
display a novel HT motif.
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18b

254 —— > 7 ———— Boc-B-Caa-L-Ala-p-Caa-L-Ala-B-Caa-L-Ala-p-Caa-OH —> 10

20a
26

b
Boc-B-D-hAla-OMe

27 28

H-L-Ala-p-D-hAla-OMesCF,CO,H

V 30a
a

c
—— H-B-D-hAla-OMeeCF,CO,H ——— Boc-L-Ala-B-D-hAla-OMe ——

14
A 29

b
C
Boc-L-Ala-p-D-hAla-OH — = Boc-(L-Ala-B-D-hAla),-OCH, — H-(L-Ala-$-D-hAla),-OCH;+CF;CO,H

30a

30b 31
c
— 34
21
c
14a, 14d, 14e >
/\)?\ 34a Xxx =L-Ala
H,N OCH,+HCI (33) 34b Xxx =L-Pro
34¢ Xxx =D-Pro
¢ a

21 —» Boc-L-Ala-B-Caa-L-Ala-B-hGly-OMe——»

35a
36

32

b
Boc-Xxx-B-hGly-OMe —»  NH,-Xxx-B-hGly-OMes«CF;CO,H

35a Xxx =L-Ala
35b Xxx = L-Pro
35¢ Xxx = D-Pro

c 11a

Boc-L-Ala-B-Caa-L-Ala-B-hGly-OH —>  11p

37 35a, 35b, 35¢ 1lc

Scheme 3. Synthesis of o/f-peptides 4, 7, 10, and 11. Reagents and conditions: a) aqueous NaOH (4N), MeOH, 0°C—room temperature, 2 h;
b) CF;COOH, dry CH,Cl,, 2 h; ¢) HOBt (1.2 equiv), EDCI (1.2 equiv), DIPEA (1.5 equiv), dry CH,Cl,, 0°C—room temperature, 4 h.

LA LU L ) U UL L Ul R AR M s

8.0 7.5 7.0 4.5 4.2 3.9
6/ppm

Figure 1. ROESY spectrum of 3a. The NOE correlations NH(4)/NH(5),
NH(5)/NH(6), NH(4)/NH(6), CaH(1)/NH(3), CaH(3)/NH(5), C4H/
NH(6), and CaH(3)/NH(6) are marked as 1-7, respectively.

Restrained molecular dynamics (MD) calculations on 3a
reveal the presence of an unprecedented HT motif. Fig-
ure 3a depicts the stereo view of the superposition of 20
lowest-energy structures of 3a with average pairwise heavy-
atom and backbone RMSD (root-mean-square deviation)
values of 0.50 and 0.47 A, respectively.” The turn and helix
are distinctly visible in another view of 3a (Figure 3b). The
11/9-helix at the N terminal and the unusual pseudo o turn
at the C terminal are distinctly visible in these novel struc-
tures. The turn in the B-o-f-fragment is stabilized by two
Hbonds: CO(4)-NH(6), a seven-membered pseudoring
(y turn) in the backward direction, and NH(4)-CO(6), a 13-
membered pseudoring in the forward direction (Figure 2b).
The backbone dihedral angles that characterize the turn are
shown in Table 1. Furthermore, NMR spectroscopic studies
of 3a in the polar solvent®™ CD;OH also showed the charac-
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Figure 2. a) Solvent titration studies of 3a. M=NH(1), @ =NH(2), A=
NH(3), ¥=NH(4), « =NH(5), 4«=NH(6). b) Characteristic NOE cor-
relations (dotted lines) and H bonds (smooth lines) defining the turn in
3a (the numbers along the arrows (7 and 13) refer to the H-bonded pseu-
dorings; the numbers in italics (3—6) represent the residues).
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Figure 3. a) Stereoview of 3a. b) View highlighting the turn and the helix
in 3a (the sugars were replaced with methyl groups after the calculations;
the numbers represent the pseudorings of the H bonds).

Table 1. Backbone dihedral angles of 3a, 5, 6a, and 7 in the turn region
involving the B-a-f sequence.

3a 5 6a 7

Residue (i—2)

¢ [°] 79 77 75 81
0 [°] 57 57 56 52
Y [°] —103 —102 —104 —101
Residue (i—1)®

¢ [°] =90 -89 -90 -92
Y [°] 71 74 75 67
Residue i

¢ [°] 86 81 88 97
0 [°] 68 66 66 66
Y [°] 149 143 —156 —153

[a] i refers to the last residue.

teristic NOE enhancements observed in CDCl,, albeit slight-
ly weaker.

Peptides §, 6a, and 7 display propagation of similar mixed
helical structures at the N termini, with the last three resi-
dues having a distinct turn that results in HT supersecon-
dary structures akin to that of 3a."

The new three-residue turn, (-Caa-L-Ala—f-Caa (Fig-
ure 4¢), unlike the p-Pro-L-Pro-p-Ala (Figure 4b) turn re-
ported by Balaram and co-workers,” contains no constrain-
ed amino acids and differs in the directionality of the 13-
membered H bond. Furthermore, both turns differ from the
a turns”! observed in proteins. Pavone et al.’! predicted such
a turn (Figure 4¢) through simple model building and realiz-

Chem. Asian J. 2008, 3, 969 -983
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Figure 4. Ball-and-stick models of the turns: a) a-helix; b) D-Pro-L-Pro—
D-Ala; ¢) f-Caa-L-Ala—f-Caa.

ed it in a cyclic tetrapeptide derived from alternating L-Pro
and B-hGly. Seebach et al.™! recently observed two-residue
turns in o/B-peptides involving p>-Met-Lys and p*Leu—f*-
Val with nine- and 10-membered H bonds, respectively.

The CD spectral™ of 2, 3a, 5, 6a, and 7 (Figure 5) in meth-
anol (200 pm) show the signature peaks of the 11/9-helix,*
with maximum molar ellipticities per residue at around

4
A0 5 7x10% Tf<p-3a
3a 5 L 5
T M: ?
2x10 3x10%

6/ deg cm? dmol™

1x10%

193 210 230 250
Alnm —=

Figure 5. CD spectra of peptides 2, 3a, 5, 6a, and 7. The vertical axis dis-
plays the molar ellipticities per residue, whereas the inset shows the
molar ellipticities per 11-membered H bond.

200 nm. No separate features could be noticed from the turn
loop. It was intriguing to observe a distinct correlation of
molar ellipticities with the number of 11-membered
H bonds in these peptides (Figure 5, inset). Compounds 2,
3a, 5, 6a, and 7 have maximum molar ellipticities of 56 540,
142048, 213829, 60123, and 155682 degcmzdmol‘1 and one,
two, three, one, and two 11-membered pseudo H bonds, re-
spectively, which implies a molar ellipticity of about
70000 degcm®dmol ! per 11-membered H bond for the CD
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absorption at around 200 nm. In 9/11-helices, the 11-mem-
bered H bond is almost parallel to the helix axis, whereas
the nine-membered H bond is tilted away from the helix
axis.’! It has been suggested” that the contribution to the
molar ellipticities are decreased when the C=0 bond is ori-
ented away from the helix axis. Peptides 2 and 6a, with
smaller helices, show somewhat smaller molar ellipticities,
possibly due to fraying in the termini, which compromises
their robustness. Similarly, the largest value of about
77841 degem*dmol ! for 7 may reflect the increased stabili-
ty of the helix.

To establish the generality of the new three-residue B-a-p
turn at the C terminus, oligomers 3b, 3¢, 6b, and 6¢ were
prepared by replacing L-Ala with L-Pro, p-Pro, L-Val, and
Aib, respectively; peptides 4 and 11 were prepared by re-
placing 3-Caa with $-p-hAla and B-hGly, respectively.

For pentapeptides 6b and 6¢, which have L-Val and Aib,
respectively, in the turn region, all the characteristic signals
in the NMR spectra are very similar to those in 6a, thus
confirming an HT structure (see Supporting Information).”!
The Aib residue is generally used to induce constraints in
peptides and has a high propensity to generate a 3,/a-helix
(¢p~—60°)."1 This therefore implies that for 6c, with ¢~
—86° for Aib, the turn is able to accommodate a considera-
ble deviation from the allowed values in an HT peptide.

For peptides 3b and 3¢, the presence of L-Pro and p-Pro,
respectively, leads to two sets of peaks in the '"H NMR spec-
tra. The major isomer with a population of about 96 % was
identified as the frans isomer for 3b, whereas, with a popula-
tion of about 65%, the cis isomer dominated for 3¢. De-
tailed studies of these major isomers, despite supporting the
presence of an 11/9-helix in the N termini, showed no sign
of a turn at the C termini. This loss of structure could be at-
tributed both to the lack of H bonds due to the absence of
the amide protons in L- and D-Pro and to the rigidity of the
Pro residues with ¢~ 60° for p-Pro and —60° for L-Pro.

The structural information from the NMR spectroscopic
data for the hexapeptides 4 and 11a is very similar to that
for 3a, thus confirming an HT structure,’! even though p-
Caa was replaced by -p-hAla or f-hGly in the turn region
(Figure 6). However, the appearance of much weaker

Figure 6. Stereoview of the MD structures of 11a (the sugars were re-
placed with methyl groups after the calculations).
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medium-range correlations in the NOE data for 4 indicates
the weakening of the structure in the turn region.

As discussed earlier, Pavone et al.®¥! realized a B-o-f turn
in a cyclic B-hGly-L-Pro—-B-hGly-L-Pro tetrapeptide, which
provided the impetus to prepare hexapeptides 11b and 11¢,
which have B-hGly-L-Pro—-hGly and $-hGly-bp-Pro—fB-hGly
at the C termini, and explore their structures. These peptides
are very similar to 3b and 3¢ and consist of two isomers.
The major isomer with a trans imide bond has a population
of about 98% for 11b and about 79% for 11c¢. These two
compounds, however, lack a side chain in the 3 residues of
the turn region. NMR spectroscopic studies showed very
similar structural features for all these peptides (3b, 3¢, 11b,
and 11¢), which display characteristics of o/p-helices™ at the
N termini involving residues 1-3, whereas the features for
the turn at the C termini could not be noticed.

It is evident from the above studies that the B-a-f three-
residue-turn region in the HT motif is well-accommodated
with a and f residues such as 1-Ala, L-Val, and Aib as well
as (3-p-hAla (with a proteinogenic side chain) and f-hGly
(with no substitution), although both L- and p-Pro disrupted
the turn structure. In view of these observations, the HT
peptide motifs were envisaged as an attractive option for
the design of helix-turn-helix (HTH) tertiary structures.
However, the extension of 1 and 2 at the C termini with the
smallest helix-forming o/f-peptide, Boc-L-Ala—3-Caa-L-
Ala-OMe,P! resulted in peptides with an extended 11/9-
helix. Therefore, to avoid such a helical continuity, peptides
8a—c, 9, and 10 were prepared by extending 6a—c, 3a, and 7,
respectively, at the C termini with Boc-NH-f-Caa-L-Ala—§3-
Caa-L-Ala—OMe.™

The NMR spectrum of 8a shows that, apart from NH(2),
all amide proton resonances display a downfield shift. The
involvement of these protons in H bonding was confirmed
by the small values of Ad (<0.75 ppm) in the solvent titra-
tion studies.”’ Although the data indicate the presence of
stable helices at the two termini, with characteristic H-bond-
ing, coupling, and NOE patterns, the geometry of the turn
region differed from that of the peptides with HT structures.
The NOE enhancements for CaH(2)/NH(4), NH(1)/NH(2),
and NH(3)/NH(4) and the couplings (involving the first few
residues) *Jypcpa=7.8 (B-1 residue), *Jyucpu=283 (B-3 resi-
due), *Jypcar=5-0 (0-2 residue), and *Jyycen=5.6 Hz (a-4
residue), as well as small values of */cqy cpn (due to overlap,
not all coupling constants could be obtained) are those ex-
pected for an 11/9-helix at the N terminus. The turn region
involving the residues 4-7 displayed new NOE correlations:
NH(5)/C4H(6), NH(5)/C1H(6), NH(5)/NH(6), CoaH(4)/
NH(6), and CaH(4)/NH(7) (Figure 7a). The couplings
Inicpn (B-8 residue) =9.3, Iy can (07 residue)=5.7, and
3JC“H(pm_R)_CBH=4.8 Hz (B-8 residue) and the NOE correla-
tions CaH(7)/NH(9) and NH(8)/NH(9) provide emphatic
support for an 11/9-helix at the Cterminus. MD calcula-
tions®! provide compelling evidence for an HTH structure
for 8a. Superposition of 20 lowest-energy structures resulted
in average pairwise heavy-atom and backbone RMSD
values of 0.56 and 0.49 A, respectively. Interestingly, the
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Figure 7. a) Characteristic NOE correlations (dotted lines) and H bonds
(smooth lines) defining the turn in 9 (the numbers along the arrows (9,
11, and 15) refer to the H-bonded pseudorings; the numbers in italics (4
7) represent the residues); b) Ball-and-stick model of the turn r-Ala—f-
Caa—f3-Caa.

turn region shows the involvement of CO(3) in a three-
center H bond with NH(6) and NH(7), which have 11- and
15-membered pseudorings, respectively. H bonding was also
observed between NH(5) and O(6) of the furanose ring
(Figure 7), which further aided the stabilization of the struc-
ture. The new three-residue turn imparts an angle of about
90° between the two helices. The backbone dihedral angles
obtained from the MD studies are shown in Table 2. The 15-
membered H bond in the turn is akin to those observed in a
canonical o-helix. Such 11- and 14/15-membered pseudor-
ings in o/B-peptides were first observed by Gellman and co-
workers,® whereas Balaram and co-workers!"!! discussed a
15-helix from energetic considerations in peptides with a-f3-
P repeating units. However, the observed dihedral angles of
the new turn (o-p-f) not only differ from those observed in
15-helices, ™! but also differ from those for the B-a-f turns
observed for HT motifs (Tables 1 and 2).

The above characteristics of 8a were also observed in 8b,
although the signature peaks in the NMR spectra were
somewhat weakened, as seen from the NOE correlations
and coupling constants. For peptide 8¢, although the in-
volvement of a large number of amide protons in H bonding
was observed,F! severe overlap of signals in the amide
region hampered the unambiguous assignment of the struc-
ture. Furthermore, the higher oligomers 9 and 10, with
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Table 2. Backbone dihedral angles of 8a, 8b, 9, and 10 in the turn region
involving the a-f3-f sequence.

8a 8b 9 10

Residue (i—5)

é[°] -73 ~76 -59 -59
¥ [°] 138 120 132 135
Residue (i—4)

$[°] 81 83 93 85
0 [°] 65 72 67 68
¥ [°] -85 -70 —86 -83
Residue (i—3)

¢ [°) 137 113 124 119
0] 83 102 81 77
v [°] ~108 —61 —62 -57

[a] i refers to the last residue.

larger helical extensions at the N termini, reiterated the
HTH structure elaborated above.”! Figure 8 shows the
stereo view of the superposition of 20 lowest-energy struc-

Figure 8. Stereoview of peptide 9 (the sugars were replaced with methyl
groups after the calculations, except for that of residue 7; dotted lines in-
dicate H bonds).

tures with average pairwise heavy-atom and backbone
RMSD values of 0.50 and 0.45 A, respectively. The extensive
studies thus unambiguously establish the presence of the
HTH motif in peptides 8-10 (Table?2), with bifurcated
H bonding in the new a-f3-f three-residue-turn region.

Conclusions

In this study, B-a-f and a-B-f tripeptides, devoid of any con-
strained amino acids, have emerged as novel three-residue-
turn motifs. It was rather serendipitous that a helix turn in
o/B-peptides with the B-o-f3 sequence at the C termini was
obtained. Although the B-o-f turn in the HTH motif, de-
signed from the HT motifs, was disturbed, nucleation of an-
other turn, the a-fB-p turn, generated the tertiary scaffolds.
Furthermore, this study also established the generality of
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the new turns with the incorporation of several a- and (-
amino acid residues in the turn region to generate HT and
HTH motifs. This report, along with our recent design of
HTH motifs,™? provides options to form a variety of tertiary
structures, referred to as “tyligomers” by Moore and co-
workers,['l from hybrid peptides with a very large pool of
helices, sheets, and turn motifs in the foldamer domain. We
therefore cautiously and optimistically approach the
moment when a glimpse in the wide horizon of designed ar-
tificial proteins is permitted, with various functional groups
appropriately decorated in such scaffolds derived from fol-
damers and tyligomers.

Experimental Section

General

NMR spectra (1D and 2D experiments) for peptides 1-11 were obtained
at 500 and 600 MHz for 'H and at 75 and 150 MHz for "*C. Chemical
shifts are reported in ppm with respect to tetramethylsilane (TMS) as an
internal reference. IR spectra were recorded with an FTIR spectrometer
at 4004000 cm™ in KBr pellets. Melting points were determined in open
capillaries and are not corrected.

CD spectra were obtained with a Jasco J-810 spectropolarimeter by using
rectangular fused quartz cells of 0.2-cm path length with 200 pm solutions
in methanol. The binomial method was used for smoothing the spectra.
Molar ellipticities (6) are expressed as degcm?dmol .

Restrained MD studies were carried out with the INSIGHT-II Discover
module on an SGI workstation. The constraints were derived from the
volume integrals obtained from ROESY spectra by using a two-spin ap-
proximation and a reference distance of 1.8 A for the geminal protons.
The upper and lower bound of the distance constraints were obtained by
enhancing and decreasing the derived distance by 10 %.

Syntheses

15: A cooled (0°C) solution of 12 (0.6 g, 1.6 mmol) in methanol (6.5 mL)
was treated with aqueous NaOH (4N, 6.5mL), and the mixture was
stirred at room temperature. After 2 h, methanol was removed, the pH
was adjusted to pH 2-3 with aqueous HCI (1N) at 0°C, and the mixture
was extracted with ethyl acetate (2x10 mL). The organic layers were
dried (Na,SO,) and concentrated to give 12a (0.49 g, 85%) as a pale-
yellow syrup, which was used without further purification in the next
step. A suspension of 13 (0.517 g, 3.71 mmol; prepared from L-Ala in
methanolic HCI) in CH,Cl, (5 mL) was treated with DIPEA (0.96 mL,
5.56 mmol) at 0°C, and the mixture was stirred for 15 min to give free
amine H-L-Ala-OCH;. A solution of 12a (1.34 g, 3.71 mmol), HOBt
(0.6 g, 4.45 mmol), and EDCI (0.25 g, 1.34 mmol) in CH,Cl, (15 mL) was
stirred at 0°C under N, atmosphere for 15 min, and the mixture was
treated with the above amine and stirred for 8h. The reaction was
quenched at 0°C with saturated aqueous NH,Cl (10 mL). After 10 min,
the reaction mixture was diluted with CHCl; (10 mL) and washed with
HCI (1N, 10 mL), water (10 mL), saturated aqueous NaHCO; (10 mL),
and brine (10 mL). The organic layer was dried (Na,SO,) and evaporat-
ed, and the residue was purified by column chromatography (silica gel,
50% ethyl acetate in petroleum ether) to afford 15 (1.2 g, 72.5%) as a
white solid. M.p.: 69-72°C; [a]p=-38.72 (¢=0.25, CHCL;); IR (KBr):
©7=3372, 3351, 2985, 2940, 1733, 1701, 1653, 1523,1295, 1174, 1079, 997,
641 cm™; '"H NMR (CDCl,, 303 K, 300 MHz): §=6.62 (d, J=6.8 Hz, 1 H,
NH2), 5.89 (d, /=3.7 Hz, 1H, C1H1), 5.14 (brs, 1H, NH1), 458 (d, J=
3.9 Hz, 1H, C2H1), 4.57-4.48 (m, 1H, CaH2), 428 (dd, /=33, 7.7 Hz,
1H, C4H1), 4.21-4.12 (m, 1H, CBH1), 3.74 (d, /=33 Hz, 1H, C3H1),
373 (s, 3H, COOMe), 3.37 (s, 3H, OMe), 2.57 (dd, /=57, 149 Hz, 1H,
CoHyoryl), 2.52 (dd, /=62, 149 Hz, 1H, CaH,,s-1), 1.48 (s, 3H,
CH,), 1.44 (s, 9H, Boc), 1.40 (d, J=7.3 Hz, 3H, CH;2), 1.31 ppm (s, 3H,
CH,); "CNMR (CDCl;, 100 MHz): 6=173.3, 170.1, 156.1, 111.7, 104.7,
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83.9, 81.3, 80.2, 79.6, 57.5, 52.4, 48.1, 47.8, 39.0, 28.3 (3C), 26.7, 26.3,
18.0 ppm; HRMS (ESI): m/z caled for C,HyN,Oy: 447.2439 [M+H]*;
found: 447.2462.

1: As described for 12a, a solution of 15 (0.25 g, 0.56 mmol) gave 16a
(0.236 g, 97.5%) as a white solid, which was used without further purifi-
cation in the next step. A solution of 12 (0.317 g, 0.845 mmol) and tri-
fluoroacetic acid (TFA; 0.3 mL) in CH,Cl, (3 mL) was stirred at room
temperature for 1h. After completion of the reaction, the solvent was
evaporated under reduced pressure to give 12b, which was dried under
high vacuum and used without further purification in the next step. As
described for the synthesis of 15, a solution of 16a (0.365 g, 0.845 mmol),
HOBt (0.137 g, 1.014 mmol), and EDCI (0.194 g, 1.014 mmol) in CH,Cl,
(8 mL) was stirred at 0°C under N, atmosphere for 15 min. Compound
12b and DIPEA (0.22 mL, 1.27 mmol) were added sequentially, and the
mixture was stirred for 8 h. Workup and purification of the residue by
column chromatography (silica gel, 70% ethyl acetate in petroleum
ether) afforded 1 (0.495g, 85%) as a white solid. M.p.: 125-127°C;
[a]lp=—-128.6 (c=0.25, CHCL); IR (KBr): #=3303, 3269, 2984, 2936,
1738, 1700, 1697, 1647, 1534, 1373, 1252, 1169, 1081, 1019 cm™'; 'H NMR
(CDCl;, 303 K, 500 MHz): 6=6.60 (d, 1H, NH3), 6.54 (brs, 1H, NH2),
5.90 (d, J=3.7Hz, 1H, C1H3), 5.90 (d, /=3.9 Hz, 1H, C1H1), 5.28 (brs,
1H, NH1), 457 (d, J=39Hz, 1H, C2H1), 455 (d, J=3.7Hz, 1H,
C2H3), 4.54-4.50 (m, 1H, CBH1), 4.404.36 (m, 1H, CaH2), 4.35 (dd, /=
3.4, 7.8 Hz, 1H, C4H1), 4.32 (dd, /=3.4, 7.8 Hz, 1H, C4H3), 4.18-4.12
(m, 1H, CBH3), 3.74 (d, J=3.4Hz, 1H, C3H1), 3.68 (d, /=3.4Hz, 1H,
C3H3), 3.68 (s, 3H, COOMe), 3.37 (s, 3H, OMe), 3.36 (s, 3H, OMe),
2.68 (dd, J=6.5, 16.3 Hz, 1 H, CaH,,x)3), 2.55 (dd, J=5.4, 144 Hz, 1H,
CaHproryl), 2.48 (dd, /=5.9, 16.3 Hz, 1H, CoH,,5)3), 2.48 (dd, J=5.7,
144 Hz, 1H, CoH,,s)1), 1.48 (s, 3H, CH;), 1.47 (s, 3H, CH;), 1.43 (s,
9H, Boc), 1.34 (d, /=72 Hz, 3H, CH;2), 1.31 (s, 3H, CH,), 1.31 ppm (s,
3H, CH;); "CNMR (CDCl,;, 75 MHz): 6=171.7, 171.6, 170.3, 156.1,
111.6, 104.8, 104.7, 84.4, 83.9, 81.3, 80.2, 79.6, 79.3, 77.2, 57.5, 57.4, 51.8,
49.0, 48.9, 48.1, 45.7, 38.9, 36.1, 29.7, 28.4 (3C), 26.7, 26.3, 26.2, 17.8 ppm;
HRMS (ESI): m/z caled for CyHgN;Oy,: 712.3268 [M+Na]*; found:
712.3266.

19a: As described for the synthesis of 1, a mixture of 14a (0.37 g,
1.96 mmol), HOBt (0.317 g, 2.35 mmol), and EDCI (0.45 g, 2.35 mmol) in
CH,Cl, (10 mL) was stirred at 0°C for 15 min and then treated with 12b
(prepared from 12 (0.735 g, 1.96 mmol) and TFA (0.7 mL) in CH,Cl,
(3mL)) and DIPEA (0.51 mL, 2.94 mmol) under N, atmosphere for 8 h.
Workup and purification by column chromatography (silica gel, 40%
ethyl acetate in petroleum ether) afforded 19a (0.67 g, 76.6%) as a
yellow syrup. [a]p,=—-40.4 (c=0.5, CHCL); IR (KBr): #=3333, 2982,
2937, 1716, 1673, 1517, 1370, 1169, 1167, 1080, 1023, 857 cm™'; '"H NMR
(CDCl,;, 303 K, 500 MHz): 6=6.50 (d, /J=8.5 Hz, 1H, NH2), 5.89 (d, /=
3.8 Hz, 1H, C1H2), 5.04 (brs, 1H, NH1), 4.59-4.56 (m, 1H, CRH2), 4.55
(d, J=3.9 Hz, 1H, C2H2), 436 (dd, J=3.5, 6.2 Hz, 1 H, C4H2), 4.16-4.06
(m, 1H, CaH1), 3.69 (d, J=3.5Hz, 1H, C3H2), 3.66 (s, 3H, COOMe),
3.36 (s, 3H, OMe), 2.71 (dd, /=6.4, 16.1 Hz, 1H, CaH,,x)2), 2.62 (dd,
J=5.5,16.1 Hz, 1H, CoHy,s?2), 1.48 (s, 3H, CH;), 1.44 (s, 9H, Boc),
1.33 (d, J=7.0Hz, 3H, CH,l), 1.31ppm (s, 3H, CH;l); “CNMR
(CDCl;, 100 MHz): 6=172.1, 171.5, 155.2, 111.6, 104.6, 84.3, 81.2, 79.6,
79.1, 57.4, 51.6, 49.9, 45.4, 36.1, 28.2 (3C), 26.6, 26.1, 18.4 ppm; HRMS
(ESI): m/z caled for C)Hy,N,Oy: 447.2345 [M +H]*; found: 447.2363.

19b: As described for the synthesis of 1, a mixture of 14b (0.395 g,
1.818 mmol), HOBt (0.295 g, 2.18 mmol), and EDCI (0.418 g, 2.18 mmol)
in CH,Cl, (10 mL) was stirred at 0°C for 15 min and then treated with
12b (prepared from 12 (0.5 g, 1.818 mmol) and TFA (0.5 mL) in CH,Cl,
(3mL)) and DIPEA (0.47 mL, 2.73 mmol) under N, atmosphere for 8 h.
Workup and purification by column chromatography (silica gel, 50 %
ethyl acetate in petroleum ether) afforded 19b (0.75 g, 87.0 %) as a white
solid. M.p.: 88-92°C; [a]p=—105.84 (¢=0.5, CHCL;); IR (KBr): 7=3333,
2989, 2939, 1717, 1675, 1520, 1369, 1171, 1167, 1084, 1023, 857 cm™';
'HNMR (CDCl,;, 303 K, 300 MHz): 6=6.47 (d, J=7.2 Hz, 1H, NH2),
5.89 (d, J=3.8 Hz, 1H, C1H2), 5.10 (d, J=8.1 Hz 1H, NH1), 4.56 (d, J=
3.8 Hz, 1H, C2H2), 4.59-4.50 (m, 1H, CaH1), 437 (dd, /=3.3, 6.3 Hz,
1H, C4H2), 3.96-3.85 (m, 1H, CBH1), 3.68 (s, 3H, COOMe), 3.67 (dd,
1H, J=3.3 Hz, C3H2), 3.36 (s, 3H, OMe), 2.72(dd, J=6.3, 16.5 Hz, 1H,
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CoHyor)2), 2.64 (dd, /=52, 16.5 Hz, 1 H, CaHy,.)2), 2.20-2.03 (m, 1H,
CpH1), 1.47 (s, 3H, CH;), 1.43 (s, 9H, Boc), 1.31 ppm (s, 3H, CHs;);
BCNMR (CDCl;, 100 MHz): 6=171.7, 170.9, 155.7, 111.7, 104.7, 84 .4,
81.3, 79.2, 59.7, 574, 51.7, 45.5, 36.1, 31.0, 28.2 (3C), 26.7, 26.2, 19.1,
17.3 ppm; HRMS (ES]): m/z caled for C,,H3N,Oy: 4752345 [M+H]*;
found: 475.2363.

19¢: As described for the synthesis of 1, a mixture of 14¢ (0.203 g,
1.0 mmol), HOBt (0.162 g, 1.2 mmol), and EDCI (0.23 g, 1.2 mmol) in
CH,Cl, (5 mL) was stirred at 0°C for 15 min and then treated with 12b
(prepared from 12 (0.375¢g, 1.0 mmol) and TFA (0.3mL) in CH,Cl,
(3mL)) and DIPEA (0.26 mL, 1.5 mmol) under N, atmosphere for 8 h.
Workup and purification by column chromatography (silica gel, 35%
ethyl acetate in petroleum ether) afforded 19¢ (0.4 g, 86.9%) as a syrup.
[a]lp=—84.3 (c=0.5, CHCL); IR (KBr): 7=3334, 2989, 2940, 1720, 1679,
1520, 1375, 1176, 1165, 1086, 1023, 857 cm™'; '"H NMR (CDCl;, 303 K,
300 MHz): 6=6.91 (d, J=7.7Hz, 1H, NH2), 5.88 (d, /J=3.7Hz, 1H,
C1H2), 5.02 (s, 1H, NH1), 4.55 (d, /=3.9 Hz, 1H, C2H2), 4.55-4.50 (m,
1H, CBH2), 4.37 (dd, /=32, 6.4 Hz, 1H, C4H2), 3.68 (d, J=3.2Hz, 1H,
C3H2), 3.66 (s, 3H, COOMe), 3.35 (s, 3H, OMe), 2.72 (dd, /=6.3,
16.1 Hz, 1H, CaH,,r)2), 2.61 (dd, J=4.9, 16.1 Hz, 1 H, CaH,,5)2), 1.47
(s, 3H, CHj;), 1.46 (d, J=7.2 Hz, 3H, CH,l), 1.42 (s, 9H, Boc), 1.30 ppm
(s, 3H, CH;); ®*C NMR (CDCl,, 100 MHz): 6 =174.0, 171.8, 154.4, 111.5,
104.7, 84 4, 81.3, 79.1, 574, 56.6, 51.6, 45.5, 35.8, 29.6, 28.3 (3C), 26.7,
26.2, 25.8, 24.9 ppm; HRMS (ESI): m/z calcd for C, H;N,O,: 461.2434
[M+H]*; found: 461.2463.

19d: As described for the synthesis of 1, a mixture of 14d (0.5¢g,
2.33 mmol), HOBt (0.377 g, 2.79 mmol), and EDCI (0.535 g, 2.79 mmol)
in CH,Cl, (10 mL) was stirred at 0°C for 15 min and then treated with
12b (prepared from 12 (0.64 g, 2.33 mmol) and TFA (0.4 mL) in CH,Cl,
(3mL)) and DIPEA (0.6 mL, 3.47 mmol) under N, atmosphere for 8 h.
Workup and purification by column chromatography (silica gel, 60%
ethyl acetate in petroleum ether) afforded 19d (0.96 g, 95%) as a yellow
syrup. [a],=-170.6 (¢=0.5, CHCL); IR (KBr): #=3330, 2988, 2947,
1719, 1677, 1527, 1375, 1179, 1169, 1083, 1025, 857 cm™'; 'H NMR
(CDCl,;, 303 K, 300 MHz): 6=7.17 (brs, 1H, NH1), 6.61 (brs, 1H, NH1),
5.89 (d, J=3.7Hz, 1H, ClH2), 4.56 (d, J=3.7Hz, 1H, C2H2 and
CaH1), 434 (dd, /=33, 8.1 Hz, 1H, C4H2), 4.28-4.15 (m, 1H, CBH2),
3.69 (d, J=3.2 Hz, 1H, C3H2), 3.67 (s, 3H, COOMe), 3.54-3.40 (m, 2H,
COoH2), 3.38 (s, 3H, OMe), 2.70 (dd, J=5.5, 15.8 Hz, 1H, CaHy,r)2),
2.57 (dd, J=5.7, 158 Hz, 1H, CaH,,s?2), 2.29-2.12 (m, 2H, CBH1),
1.94-1.80 (m, 2H, CyH1), 1.72 (s, 3H, CH;), 1.46 (s, 9H, Boc), 1.31 ppm
(s, 3H, CH;); ®*CNMR (CDCl,, 100 MHz): 6 =171.6, 111.6, 104.8, 84.1,
81.2,79.3, 61.2, 60.0, 57.4, 51.7, 46.8, 45.5, 35.8, 30.9, 28.3 (3C), 26.7, 26.2,
24.3, 23.4 ppm; HRMS (ESI): m/z caled for C,,H3sN,Oy: 473.2425 [M +
H]*; found: 473.2434.

19e: As described for the synthesis of 1, a mixture of 14e (0.287 g,
1.33 mmol), HOBt (0.216 g, 1.6 mmol), and EDCI (0.307 g, 1.6 mmol) in
CH,Cl, (8 mL) was stirred at 0°C for 15 min and then treated with 12b
(prepared from 12 (0.5g, 1.33 mmol) and TFA (0.5mL) in CH,Cl,
(3mL)) and DIPEA (0.4 mL, 2.0 mmol) under N, atmosphere for 8 h.
Workup and purification by column chromatography (silica gel, 45%
ethyl acetate in petroleum ether) afforded 19e (0.6 g, 95.3%) as a white
solid. M.p.: 153-157°C; [a]p=+39.16 (c=0.5, CHCL); IR (KBr): 7=
3336, 2988, 2937, 1716, 1673, 1529, 1370, 1169, 1167, 1080, 1023, 857 cm™';
'HNMR (CDCl,, 303 K, 300 MHz): 6="7.24 (brs, 1H, NH1), 6.69 (brs,
1H, NH1), 5.58 (d, J=3.8 Hz, 1H, C1H2), 4.55 (d, J=3.8 Hz, 2H, C2H2
and CoH1), 435 (dd, J=3.3, 7.5Hz, 1H, C4H2), 4.30-4.16 (m, 1H,
CBH2), 3.68 (d, J=3.3 Hz, 1H, C3H2), 3.67 (s, 3H, COOMe), 3.52-3.30
(m, 2H, CoHL1), 3.35 (s, 3H, OMe), 2.75-2.61 (m, 2H, CaH2), 2.27-2.12
(m, 2H, CfH1), 1.94-1.80 (m, 2H, CyH1), 1.46 (s, 3H, CHj;). 1.45 (s, 9H,
Boc), 1.46 ppm (s, 3H, CH;); "CNMR (CDCl;, 100 MHz): 6=171.8,
171.5, 154.6, 111.5, 104.6, 84.5, 81.3, 79.1, 61.2, 60.2, 57.4, 51.6, 46.8, 45.2,
36.2, 30.9, 28.3 (3C), 26.7, 26.2, 24.3, 23.3 ppm; HRMS (ESI): m/z calcd
for C,,H3N,Oy: 473.2463 [M +H]*; found: 473.2459.

2: As described for the synthesis of 12a, a solution of 19a (0.22 g,
0.493 mmol) gave 21 (0.21 g, 98.5%) as a white solid, which was without
further purification in the next step. As described for the synthesis of 1, a
mixture of 21 (0.185 g, 0.428 mmol), HOBt (0.069 g, 0.513 mmol), and

Chem. Asian J. 2008, 3, 969 —983

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

EDCI (0.25g, 0.513 mmol) in CH,Cl, (5mL) was stirred at 0°C for
15min and then treated with 20a (prepared from 19a (0.191 g,
0.428 mmol) and TFA (0.2mL) in CH,Cl, (0.5mL)) and DIPEA
(0.11 mL, 0.64 mmol) under N, atmosphere for 8 h. Workup and purifica-
tion by column chromatography (silica gel, 1.9% methanol in CHCL;) af-
forded 2 (0.243 g, 74.6 %) as a white solid. M.p.: 112-115°C; [a]p=—6.7
(¢=0.25, CHCl;); IR (KBr): #=3329, 2986, 2933, 1663, 1528, 1377, 1250,
1216, 1167, 1080, 1022, 856 cm™'; '"H NMR (500 MHz, CDCL): 6=7.50
(d, 1H, J=7.0Hz, NH3), 7.36 (d, /J=8.4Hz, 1H, NH2), 6.75 (d, J=
7.8 Hz, 1H, NH4), 598 (d, /=39 Hz, 1H, C1H4), 5.88 (d, /J=3.9 Hz,
1H, Cl1H2), 499 (d, J=6.2Hz, 1H, NH1), 458 (d, J=3.9Hz, 1H,
C2H2), 4.56 (d, J=3.7 Hz, 1H, C2H4), 4.50-4.45 (m, 1H, CfH2), 4.44-
4.40 (m, 1H, CpH4), 4.39-4.35 (m, 1H, CaH3), 4.26 (dd, /=34, 9.8 Hz,
1H, C4H2), 3.66 (d, J=3.4Hz, 1H, C3H4), 402 (d, /=34Hz, 1H,
C3H2), 4.00-3.96 (m, 1H, CaHl), 3.69 (s, 3H, COOMe), 3.39 (s, 3H,
OMe), 3.36 (s, 3H, OMe), 2.71 (dd, J=5.9, 16.0 Hz , 1H, CaH,g4),
2.62 (dd, J=5.7, 16.0 Hz, 1H, CaH,,s4), 2.61 (dd, J=5.1, 13.5 Hz, 1H,
CoHyor)2), 226 (dd, /=37, 13.5Hz, 1H, CaHg,,s2), 1.47 (s, 3H,
CH;), 1.45 (s, 3H, CHj), 1.41 (s, 9H, Boc), 1.36 (d, /J=7.4Hz, 3H,
CH3;3), 1.34 ppm (d, J=7.0 Hz, 3H, CH;1); *C NMR (CDCl;, 100 MHz):
0=173.3, 172.9, 171.9, 170.8, 155.9, 111.5, 111.5, 105.0, 104.8, 84.3, 83.6,
81.5, 81.3, 80.0, 79.7, 78.9, 57.4, 57.3, 51.8, 51.0, 49.7, 46.8, 46.0, 38.3, 35.8,
28.2 (3C), 26.7, 26.6, 26.2, 17.5, 16.5 ppm; HRMS (ESI): m/z calcd for
C3H5N,O,5: 761.3820 [M +H]*; found: 761.3820.

3a: As described for the synthesis of 12a, a solution of 2 (0.175 g,
0.23 mmol) gave 22 (0.17 g, 96.05%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 22 (0.12 g, 0.16 mmol), HOBt (0.026 g, 0.192 mmol),
and EDCI (0.037 g, 0.192 mmol) in CH,Cl, (3 mL) was stirred at 0°C for
15min and then treated with 20a (prepared from 19a (0.071 g,
0.16 mmol) and TFA (0.1mL) in CH,Cl, (0.7mL)) and DIPEA
(0.041 mL, 0.24 mmol) under N, atmosphere for 8 h. Workup and purifi-
cation by column chromatography (silica gel, 2.5% methanol in CHCL;)
afforded 3a (0.132 g, 76.4%) as a white solid. M.p.: 181-183°C; [a]p=
4.6 (c=0.15, CHClL;); IR (KBr): #=3299, 2985, 2937, 1657, 1542, 1377,
1250, 1167, 1080, 1022, 856 cm™'; '"H NMR (500 MHz, CDCL,): 6=7.91
(d, J=72Hz, 1H, NH5), 7.83 (d, J=53Hz, 1H, NH3), 7.76 (d, /=
9.4 Hz, 1H, NH2), 7.56 (d, /=8.8 Hz, 1H, NH4), 6.92 (d, /=8.1 Hz, 1H,
NH6), 5.99 (d, J=3.9 Hz, 1H, C1H4), 5.88 (d, /=3.9 Hz, 2H, C1H2 and
C1H6), 5.02 (d, J=6.1Hz, 1H, NH1), 4.58 (d, J=3.7 Hz, 1H, C2H4),
4.57 (d, J=3.7Hz, 1H, C2H6), 4.56 (d, J=3.7 Hz, 1H, C2H2), 4.54-4.50
(m, 1H, CBH2), 4.48 (dd, J=3.4, 7.3 Hz, 1 H, C4H6), 4.42-4.40 (m, 1H,
CBH6), 439 (m, 1H, CfH4), 435 (m, 1H, CaHS5), 430 (dd, /=32,
10.2 Hz, 1H, C4H4), 4.24 (dd, J=3.3, 9.7 Hz, 1H, C4H2), 4.21-4.15 (m,
1H, CaH3), 4.05 (d, /=32 Hz, 1H, C3H4), 4.03-3.99 (m, 1H, CaH1),
3.96 (d, J=3.3 Hz, 1H, C3H2), 3.68 (s, 3H, COOMe), 3.66 (d, J=3.4 Hz,
1H, C3H6), 3.38 (s, 3H, OMe), 3.36 (s, 6H, OMe), 271 (dd, J=6.8,
16.0 Hz, 1H, CoH,,x)6), 2.69 (dd, 7=5.0, 13.0 Hz, 1H, CaH,,r)2), 2.67
(dd, J=53, 132 Hz, 1H, CaH,,r4), 2.56 (dd, /=3.0, 128 Hz, 1H,
CaHpros4), 2.19 (dd, J=3.3, 13.0 Hz, 1H, CaH,s)2), 2.13 (dd, J=3.2,
13.3 Hz, 1H, CoHy,s54), 1.46 (s, 3H, CH;), 1.45 (s, 6H, CH;), 1.40 (s,
9H, Boc), 1.39 (d, J=7.0 Hz, 3H, CH;3), 1.38 (d, /=7.2 Hz, 3H, CH.5),
1.35 (d, /=7.1 Hz, 3H, CH;1), 1.30 (s, 6H, CHj;), 1.28 ppm (s, 3H, CHj;);
'"HNMR (500 MHz, CD;OH): 6=8.58 (d, /J=8.4 Hz, 1 H, NH2), 8.51 (d,
J=8.7Hz, 1H, NH4), 820 (d, /=6.8 Hz, 1H, NHS5), 8.18 (d, /=4.5Hz,
1H, NH3), 8.04 (d, /=8.4 Hz, 1H, NH6), 6.85 (d, J=5.2 Hz, 1H, NH1),
5.96 (d, /=39 Hz, 1H, C1H6), 5.82 (d, /=3.9 Hz, 2H, C1H4), 5.81 (d,
J=3.9Hz, 1H, C1H2), 4.67 (d, J=3.9 Hz, 1H, C2H6), 4.66 (d, J=3.9 Hz,
2H, C2H4 and C2H2), 447-4.42 (m, 1H, CPH6), 4.38-4.35 (m, 1H,
CPH4), 4.34 (dd, J=3.2, 8.4Hz, 1H, C4H6), 432 (m, 1H, CBH2), 4.29
(m, 1H, CaHS), 425 (dd, J=3.1, 99 Hz, 1H, C4H4), 4.25 (dd, J=3.1,
9.9 Hz, 1H, C4H2), 423-4.19 (m, 1H, CaH3), 4.08-4.02 (m, 1H, CaH1),
3.95 (d, J=3.1Hz, 1H, C3H4), 3.93 (d, J=3.1 Hz, 1H, C3H2), 3.68 (d,
J=3.2Hz, 1H, C3H6), 3.67 (s, 3H, COOMe), 3.40 (s, 3H, OMe), 3.39 (s,
3H, OMe), 3.36 (s, 3H, OMe), 2.65 (dd, /=6.8, 16.0 Hz, 1H, CaH,,r\0),
2.63 (dd, J=5.4, 15.6 Hz, 1H, CaH,r)0), 2.58 (dd, J=4.5, 13.4 Hz, 1H,
CaHpror)2), 2.53 (dd, J=6.6, 15.6 Hz, 1H, CoH,,50), 2.24 (dd, J=4.5,
134 Hz, 1H, CoHy,s2), 2.17 (dd, J=3.8, 134 Hz, 1H, CoHy,.54),
1.46 (s, 3H, CH;), 1.44 (s, 3H, CH,), 1.43 (s, 3H, CH3), 1.42 (s, 9H, Boc),
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1.39 (d, J=7.1 Hz, 3H, CH;1), 1.36 (d, J=7.1 Hz, 3H, CH,3), 1.35 (d, /=
7.4 Hz, 3H, CH,5), 1.29 (s, 3H, CH,), 1.28 ppm (s, 6H, CH,); *C NMR
(CDCl;, 150 MHz): 6=174.7, 173.4, 173.2, 172.1, 172.0, 170.8, 155.8,
111.5, 111.4, 111.3, 105.1, 104.9, 104.9, 84.4, 83.4, 83.4, 81.4, 81.2, 80.1,
79.9, 79.5, 78.8, 57.4, 57.3, 57.2, 51.9, 51.7, 51.4, 50.9, 49.8, 47.3, 46.8, 46.2,
39.1, 35.8, 29.7, 282 (3C), 26.7, 26.6, 26.2, 26.2, 26.0, 17.3, 16.5 ppm;
HRMS (ESI): m/z caled for C,HgNgO,: 1097.5117 [M +Na]*; found:
1097.5120.

3b: As described for the synthesis of 1, a mixture of 22 (0.09 g,
0.12 mmol), HOBt (0.02 g, 0.145 mmol), and EDCI (0.028 g, 0.145 mmol)
in CH,Cl, (3 mL) was stirred at 0°C for 15 min and then treated with
20d (prepared from 19d (0.057 g, 0.12 mmol) and TFA (0.1 mL) in
CH,Cl, (0.5mL)) and DIPEA (0.031 mL, 0.18 mmol) under N, atmos-
phere for 8 h. Workup and purification by column chromatography (silica
gel, 4.0% methanol in CHCl;) afforded 3b (0.08 g, 60.3%) as a white
solid. M.p.: 130-133°C; [a]p=-104.3 (¢=0.1, CHCL); IR (KBr): 7=
3283, 2970, 2948, 1670, 1549, 1380, 1263, 1136 1068, 1024 cm~'; '"H NMR
(CDCl;, 293 K, 600 MHz): 6=7.84 (d, J=7.6 Hz, 1H, NH2), 7.47 (d, J=
7.8 Hz, 1H, NH6), 7.40 (brs, 1H, NH3), 7.30 (d, /=8.7 Hz, 1H, NH4),
5.93 (d, /=3.8Hz, 1H, C1H6), 590 (d, /=3.8 Hz, 1H, C1H4), 5.89(d,
J=3.7Hz, 1H, C1H2), 5.05 (d, /=63 Hz, 1H, NH1), 4.75 (dd, /=32,
9.3 Hz, 1H, C4H4), 4.59 (m, 1H, C2H4), 4.58 (m, 1H, C2H6), 4.57 (m,
2H, C2H2 and C4H6), 4.42 (m, 1H, CH2), 441 (m, 1H, CfH4), 4.39
(m, 1H, CaH3), 438 (m, 1H, CaHS5), 430 (dd, /=32, 9.6Hz, 1H,
C4H2), 423-4.17 (m, 1H, CBHS6), 4.04-3.99 (m, 1H, CaH1), 3.92 (d, J=
34 Hz, 1H, C3H2), 3.80-3.76 (m, 1H, CoHS5), 3.69 (s, 3H, COOMe),
3.64 (d, J=3.3Hz, 1H, C3H6), 3.63 (d, J=3.3 Hz, 1H, C3H4), 3.38 (s,
6H, OMe), 3.37 (s, 3H, OMe), 3.36-3.33 (m, 1H, Cd'HS), 2.90 (m, 1H,
CaHyror)6), 2.88 (m, 1H, CoHyory4), 2.55 (dd, /J=5.1, 15.6 Hz, 1H,
CaHyo5)6), 249 (dd, J=5.0, 13.4 Hz, 1H, CaH,,r)2), 2.41 (dd, J=4.5,
152 Hz, 1H, CaHys54), 2.37-2.32 (m, 1H, CaHys)2), 2.21-2.17 (m,
1H, CBHS), 2.16-2.11 (m, 1H, Cf'H5), 1.99-1.90 (m, 2H, CyHS5), 1.48 (s,
3H, Me), 1.47 (s, 3H, Me), 1.46 (s, 3H, Me), 1.40 (s, 9H, Boc), 1.38 (d,
J=6.8 Hz, 1H, CH;3), 1.32 (d, /=7.5Hz, 1H, CH;l), 1.30 (s, 6H, Me),
1.28 ppm (s, 3H, Me); *CNMR (CDCl;, 100 MHz): 6=174.0, 173.4,
172.1, 171.7, 171.1, 170.3, 155.7, 111.6, 111.3, 104.9, 104.8, 104.6, 84.1,
83.8, 83.4, 81.4, 81.3, 79.8, 79.7, 78.9, 60.6, 57.4, 57.3, 57.2, 51.9, 50.9, 50.3,
48.2, 47.0, 46.9, 46.7, 35.3, 35.0, 29.7, 29.7, 29.7, 29.7, 28.9, 28.2 (3 C), 26.7,
26.6, 263, 262, 24.8, 17.8, 17.0 ppm; HRMS (ESI): m/z caled for
CsoHgNgO,;: 1123.5274 [M +Na]*; found: 1123.5293.

3c: As described for the synthesis of 1, a mixture of 22 (0.1g,
0.134 mmol), HOBt (0.021g, 0.161 mmol), and EDCI (0.031¢g,
0.161 mmol) in CH,Cl, (3 mL) was stirred at 0°C for 15 min and then
treated with 20 e (prepared from 19e (0.063 g, 0.134 mmol) TFA (0.1 mL)
in CH,Cl, (0.6 mL)) and DIPEA (0.034 mL, 0.201 mmol) under N, at-
mosphere for 8 h. Workup and purification by column chromatography
(silica gel, 3.0% methanol in CHCl;) afforded 3¢ (0.09 g, 61.03%) as a
white solid. M.p.: 135-138°C; [a]p =+4.7 (¢c=0.1, CHCL,); IR (KBr): 7=
3286, 2969, 2944, 1667, 1545, 1378, 1256, 1133, 1065, 1024 cm™'; '"H NMR
(CDCl;, 303 K, 500 MHz): (major isomer): 6=7.46 (m, 1H, NH-3), 7.44
(m, 1H, NH2), 7.39 (m, 1H, NH6), 7.29 (brs, 1H, NH4), 5.96-5.86 (m,
3H, CIH4), 5.05 (brs, 1H, NH1), 462 (m, 1H, CBH6), 4.56 (m, 2H,
C2H2 and C2H6), 4.53 (m, 1H, C2H4), 4.51 (m, 1H, CfH2), 4.42 (m,
1H, CpH4), 4.38 (m, 1H, CaH3), 436 (m, 1H, CaHS5), 434 (m, 1H,
C4H6), 4.26 (m, 1H, C4H2), 4.04 (m, 1H, CaH1), 3.95 (m, 1H, C3H2),
3.68 (m, 1H, C3H4), 3.67 (s, 3H, COOMe), 3.66 (m, 1H, C3H6), 3.56
(m, 1H, CoHS), 3.50 (m, 1H, C8'HS5), 3.38-3.36 (s, 9H, OMe), 2.60 (m,
2H, CaH6), 2.59 (m, 1H, CaHy,x)1), 2.52 (m, 2H, CaH4), 2.30 (m, 1H,
CaHyos)1), 2.21 (m, 1H, CBHS), 2.13 (m, 1H, Cf'HS5), 1.96 (m, 1H,
CyHS5), 1.86 (m, 1H, CyHS5), 1.48-1.46 (s, 9H, Me), 1.41 (s, 9H, Boc),
1.34 (m, 6H, CH;1 and CH;3), 1.30-1.28 ppm (s, 9H, Me); (minor
isomer): 6="7.75 (d, J=9.6 Hz, 1H, NH2), 7.54 (d, 1H, /=7.4 Hz, NH3),
7.16 (brs, 1H, NH6), 6.85 (brs, 1H, NH4), 5.96-5.86 (m, 3H, C1H4),
5.10 (d, J=6.4 Hz, 1H, NH1), 4.57 (m, 1H, C4H4), 4.58 (m, 1H, C2H6),
4.56 (m, 1H, C2H4), 4.55 (m, 1H, C2H1), 4.52 (m, 1H, CBHS6), 4.51 (m,
1H, CpH4), 4.50 (m, 1H, CfH2), 4.47 (m, 1H, CaHS), 4.39 (m, 1H,
CoH3), 436 (m, 1H, C4H6), 4.34 (m, 1H, C4H2), 412 (m, 1H, CaH1),
3.97 (m, 1H, C3H2), 3.73 (m, 1H, C3H4), 3.69 (m, 1H, C3H6), 3.67 (s,
3H, COOMe), 3.54 (m, 2H, COHS5), 3.37 (s, 9H, OMe), 2.65 (m, 2H,
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CaH6), 2.64 (m, 1H, CoHgoxl), 2.64 (m, 2H, CaH4), 2.29 (m, 1H,
CaH o)), 227 (m, 1H, CBHS), 2.05 (m, 1H, CR'H5), 1.96 (m, 2H,
CyHS), 1.47 (s, 9H, Me), 1.41 (s, 9H, Boc), 1.34 (m, 3H, CH,1), 1.32 (m,
3H, CH.3), 129 ppm (s, 9H, Me); *CNMR (CDCL,, 100 MHz): 6=
173.3, 172.9, 171.8, 170.8, 170.7, 170.2, 155.7, 111.5, 111.4, 104.8, 104.7,
104.6, 84.1, 83.7, 83.5, 81.4, 81.4, 81.3, 79.8, 79.6, 79.4, 60.1, 57.7, 57.3,
51.8, 51.7, 50.8, 49.5, 47.5, 46.6, 46.5, 46.1, 45.4, 38.3, 36.1, 29.6, 28.4 (3C),
28.2, 26.7, 26.6, 26.6, 26.2, 26.1, 24.6, 17.7, 16.8 ppm; HRMS (ESI): m/z
caled for CsoHgoN¢O,,: 1123.5274 [M +Na]*; found: 1123.5283.

29: As described for the synthesis of 1, a mixture of 14a (0.435g,
2.3 mmol), HOBt (0.373 g, 2.76 mmol), and EDCI (0.53 g, 2.76 mmol) in
CH,Cl, (10 mL) was stirred at 0°C for 15 min and then treated with 28
(prepared from commercially available 27 (0.5 g, 2.3 mmol) and TFA
(0.4 mL) in CH,Cl, (1 mL)) and DIPEA (0.6 mL, 3.46 mmol) under N,
atmosphere for 8 h. Workup and purification by column chromatography
(silica gel, 50% ethyl acetate in petroleum ether) afforded 29 (0.65 g,
98.0%) as a white solid. M.p.: 65-67°C; [a]p,=—48.52 (¢=0.5, CHCl,);
IR (KBr): #=3332, 2986, 2939, 1720, 1676, 1516, 1372, 1169, 1172, 1082,
1023 cm™; '"HNMR (CDCl;, 303 K, 300 MHz): 6=6.59 (d, /=73 Hz,
1H, NH2), 4.99 (brs, 1H, NH1), 4.39-4.26 (m, 1 H, CRH2), 4.14-4.04 (m,
1H, CaH1), 3.70 (s, 3H, COOMe), 2.52 (d, J=5.4 Hz, 2H, CaH2), 1.45
(s, 9H, Boc), 1.34 (d, /=7.0 Hz, 3H, CH,l1), 1.22 ppm (d, J=7.0 Hz, 3H,
CH32); "CNMR (CDCl;, 100 MHz): 6=171.9, 1554, 79.9, 51.6, 50.1,
419, 39.8, 282 (3C), 19.9, 184 ppm; HRMS (ESI): m/z caled for
C3H,N,O5: 289.3417 [M + H]*; found: 289.3463.

31: As described for the synthesis of 12a, a solution of 29 (0.15g,
0.52 mmol) gave 30b (0.138 g, 96.7%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 30b (0.1 g, 0.36 mmol), HOBt (0.06 g, 0.44 mmol),
and EDCI (0.083 g, 0.44 mmol) in CH,Cl, (4 mL) was stirred at 0°C for
15 min and then treated with 30a (prepared from 29 (0.105 g, 0.36 mmol)
and TFA (0.1 mL) in CH,Cl, (1 mL)) and DIPEA (0.1 mL, 0.55 mmol)
under N, atmosphere for 8 h. Workup and purification by column chro-
matography (silica gel, 2.0% methanol in CHCL,) afforded 31 (0.13 g,
80.2%) as a white solid. M.p.: 185-186°C; [a]p=+154.5 (c=0.5,
CHCL); IR (KBr): #=3330, 2988, 2935, 1664, 1529, 1377, 1252, 1218,
1169, 1080, 1027, 856 cm™'; '"H NMR (CDCl;, 303 K, 500 MHz): 6=7.47
(d, J=9.0 Hz, 1H, NH2), 7.27 (brs, 1H, NH3), 6.68 (d, /=9.0 Hz, 1H,
NH4), 5.10 (d, /=6.5 Hz, 1H, NH1), 4.44-4.38 (m, 1H, CaH3), 4.35-4.33
(m, 1H, CBH2 and CPH4), 4.104.03 (m, 1H, CaH1), 3.70 (s, 3H,
COOMe), 2.57 (dd, /=53, 129 Hz, 1H, CoH,)2), 2.53 (dd, /=52,
15.4 Hz, 1H, CoHo.ry4), 2.50 (dd, 7=6.0, 15.4 Hz, 1H, CaHy,r)2), 2.22
(dd, J=39, 129 Hz, 1H, CaH,,s2), 1.42 (s, 9H, Boc), 1.37 (d, J=
7.1Hz, 3H, CH,3), 1.35 (d, /=7.0Hz, 3H, CHsl), 1.24 (d, J=6.7 Hz,
3H, CH4), 1.22ppm (d, J=6.7Hz, 3H, CH;2); "CNMR (CDCl,,
150 MHz): 6=172.9, 172.8, 172.3, 171.0, 155.8, 79.9, 51.8, 50.9, 49.4, 42.4,
423, 42.2, 40.0, 28.2 (3C), 20.0, 18.8, 17.6, 17.2 ppm; HRMS (ESI): m/z
caled for CyHyN,O;: 445.2695 [M +H]™; found: 445.2685.

4: As described for the synthesis of 1, a mixture of 21 (0.05g,
0.115 mmol), HOBt (0.019g, 0.138 mmol), and EDCI (0.027 g,
0.138 mmol) in CH,Cl, (3 mL) was stirred at 0°C for 15 min and then
treated with 32 (prepared from 31 (0.051g, 0.115mmol) and TFA
(0.1 mL) in CH,Cl, (0.5mL)) and DIPEA (0.03 mL, 0.17 mmol) under
N, atmosphere for 8 h. Workup and purification by column chromatogra-
phy (silica gel, 4.0% methanol in CHCl;) afforded 4 (0.045 g, 51.2%) as
a white solid. M.p.: 200-203°C; [a]p=+193.1 (¢=0.1, CHCL;); IR (KBr):
7=3333, 2983, 2939, 1665, 1523, 1377, 1258, 1228, 1169, 1082, 1029,
856 cm™'; 'TH NMR (CDCl,, 283 K, 600 MHz): =8.02 (d, J=5.6 Hz, 1H,
NH3), 7.92 (d, J=7.3 Hz, 1H, NH5), 7.86 (d, /=8.8, 1H, NH4), 7.81 (d,
J=9.5Hz, 1H, NH2), 6.85 (d, /=8.8 Hz, 1 H, NH6), 5.88 (d, /=3.7 Hz,
1H, C1H2), 5.03 (d, /J=5.8Hz, 1H, NH1), 456 (d, J=3.7Hz, 1H,
C2H2), 4.56-4.50 (m, 1H, CpH2), 4.45-4.39 (m, 1H, CaHSY), 4.37-4.31
(m, 1H, CH6), 4.30-4.24 (m, 1H, CBH4), 4.22 (dd, /=33, 9.7Hz, 1H,
C4H2), 4.20-4.16 (m, 1H, CaH3), 4.03-3.99 (m, 1H, CaH1), 3.98 (d, J=
3.3 Hz, 1H, C3H3), 3.70 (s, 3H, COOMe), 3.37 (s, 3H, OMe), 2.71 (dd,
J=438, 152, 1H, CoaHy,r)6), 2.69 (dd, /=64, 152, 1H, CoH,,.50),
2.68 (dd, J=4.6, 12.4, 1H, CaH,,ry4), 2.56 (dd, J=5.1, 13.0Hz, 1H,
CoHyor)2), 2.19 (dd, /=28, 13.0 Hz, 1H, CaH,,s)2), 2.11 (dd, /=34,
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12.4 Hz, 1H, CaH yos2), 145 (s, 3H, Me), 1.40 (s, 9H, Me), 140 (d, /=
7.0 Hz, 3H, CH,3), 1.39 (d, J=7.1 Hz, 3H, CH,1), 1.30 (s, 3H, Me), 1.25
(d, 3H, J=7.2 Hz, CH,4), 1.24 ppm (d, J=7.0 Hz, 3H, CH,6); *C NMR
(CDCl;, 100 MHz): 6=174.2, 173.3, 173.2, 172.6, 171.8, 171.0, 155.9,
111.3, 105.0, 83.5, 81.2, 80.2, 80.0, 57.3, 51.9, 51.4, 49.6, 46.9, 42.9, 42.4,
42.1, 40.3, 38.1, 28.2, 26.6, 26.0, 20.2, 18.3, 17.3, 16.5 ppm; HRMS (ESI):
mlz caled for CyyHsgNgO,5: 781.3959 [M +Na]*; found: 781.3965.

5: As described for the synthesis of 12a, a solution of 3a (0.05g,
0.046 mmol) gave 23 (0.048 g, 97.3%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 23 (0.040g, 0.038 mmol), HOBt (0.006 g,
0.045 mmol), and EDCI (0.008 g, 0.045 mmol) in CH,Cl, (1.5 mL) was
stirred at 0°C for 15 min and then treated with 20a (0.017 g, 0.038 mmol)
and DIPEA (0.009 mL, 0.057 mmol) under N, atmosphere for 8h.
Workup and purification by column chromatography (silica gel, 2.9%
methanol in CHC;) afforded 5 (0.04 g,76.4%) as a white solid. M.p.:
175-177°C; [a]p =426 (c=0.25, CHCL;); IR (KBr): #=3397, 3080, 2988,
2938, 1673, 1641, 1553, 1380, 1249, 1079, 1022, 857 cm'; 'H NMR
(500 MHz, CDCl,): 6=8.33 (d, /J=5.8 Hz, 1H, NHS5), 8.02 (d, /=9.6 Hz,
1H, NH4), 7.96 (d, J=7.3 Hz, 1 H, NH7), 7.90 (d, J=5.2 Hz, 1 H, NH3),
7.87 (d, J=9.9 Hz, 1H, NH2), 7.58 (d, J=8.4 Hz, 1H, NH6), 6.95 (d, /=
8.1 Hz, 1H, NHS8), 6.0 (d, J=4.0 Hz, 1H, C1H6), 5.88 (d, /=3.9 Hz, 3H,
C1H8, C1H4, and C1H2), 498 (d, /J=59Hz, 1H, NH1), 4.58 (d, /=
4.0 Hz, 1H, C2H6), 4.58 (d, /=3.9 Hz, 1H, C2H8), 4.57 (d, /=39 Hz,
1H, C2H2), 4.56 (d, J=3.9 Hz, 1H, C2H4), 4.52 (m, 1H, CfH2), 4.50 (m,
1H, C4HS), 449 (m, 1H, CBH4), 440 (m, 1H, CBHS8), 4.39 (m, 1H,
CBHS6), 4.35 (m, 1H, CaH7), 432 (dd, /=3.3, 10.3 Hz, 1H, C4H6), 4.26
(m, 1H, CaH2), 425 (m, 2H, C4H4 and C4H2), 4.21-4.16 (m, 1H,
CaH5), 4.06 (d, J=3.3 Hz, 1H, C3H6), 4.01 (d, /J=3.0 Hz, 1H, C3H2),
4.01-3.97 (m, 1H, CaH1), 3.95 (d, /=33 Hz, 1H, C3H4), 3.69 (s, 3H,
COOMe), 3.67 (d, J=3.5 Hz, 1H, C3H8), 3.40 (s, 3H, OMe), 3.39 (s, 3H,
OMe), 3.38 (s, 3H, OMe), 3.36 (s, 3H, OMe), 271 (dd, /=7.0, 15.8 Hz,
1H, CaH o x)8), 2.67 (dd, J=4.9, 12.9 Hz, 1H, CoHy,r)0), 2.65 (dd, /=
5.3, 15.8 Hz, 1H, CaHy5)8), 2.55 (dd, J=5.2, 13.0 Hz, 1H, CaH ror)2),
2.53 (dd, J=5.7, 13.1 Hz, 1H, CaHyory4), 2.19 (dd, /=32, 13.0 Hz, 1H,
CaHpo5)2), 2.13 (dd, /=3.1, 12.9 Hz, 1H, CaH,,s6), 2.07 (dd, J=2.9,
13.1 Hz, 1H, CaHy,54), 1.49 (s, 6H, CH;), 1.46 (s, 3H, CH;), 1.45 (s,
3H, CH;), 1.42 (d, J=7.2 Hz, 3H, CH,3), 1.41 (s, 9H, Boc), 1.39 (d, /=
7.2 Hz, 3H, CH,5), 1.38 (d, /=7.0Hz, 3H, CH,7), 1.36 (d, /=7.0 Hz,
3H, CHsl), 1.32 (s, 3H, CH,), 1.31 (s, 6H, CHj;), 1.30 ppm (s, 3H, CH,);
BCNMR (CDCl;, 100 MHz): 6=175.1, 173.3, 173.1, 172.1. 172.0, 171.9,
170.8, 155.8, 111.6, 111.5, 111.4, 111.3, 105.1, 104.9, 84.4, 83.4, 81.5, 81.3,
80.2, 80.1, 79.5, 78.8, 57.3, 57.2, 52.1, 51.9, 51.8, 51.5, 49.8, 47.4, 47.2, 46.9,
46.2, 38.3, 38.1, 38.1, 35.8, 28.2 (3C), 26.7, 26.6, 26.3, 26.2, 26.0, 17.3, 16.5,
16.4, 15.8 ppm; HRMS (ESI): m/z caled for Co,H,;()NgOs;: 1411.6595 [M +
Na]*; found: 1411.6580.

6a: As described for the synthesis of 12a, a solution of 1 (0.4 g,
0.58 mmol) gave 24 (0.39 g, 99.5%) as a white solid, which was used with-
out further purification in the next step. As described for the synthesis of
1, a mixture of 24 (0.385 g, 0.570 mmol), HOBt (0.092 g, 0.684 mmol),
and EDCI (0.131 g, 0.684 mmol) in CH,Cl, (7 mL) was stirred at 0°C for
15min and then treated with 20a (prepared from 19a (0.255g,
0.570 mmol)a and TFA (02mL) in CH,Cl, (2mL)) and DIPEA
(0.148 mL, 0.855 mmol) under N, atmosphere for 8 h. Workup and purifi-
cation by column chromatography (silica gel, 2.0% methanol in CHCL;)
afforded 6a (0.382 g, 66.7%) as a white solid. M.p.: 149-151°C; [a]p=
—70.6 (c=0.25, CHCl,); IR (KBr): #=3335, 3269, 2991, 2938, 1730, 1700,
1650, 1526, 1167, 1074, 1013 cm™'; 'TH NMR (500 MHz, CDCl,): 6=7.43
(d, J=7.6Hz, 1H, NH4), 7.32 (d, J=82Hz, 1H, NH3), 7.05 (d, J=
8.0 Hz, 1H, NHY5), 6.41 (d, /J=4.4 Hz, 1H, NH2), 6.06 (d, J=4.0 Hz, 1H,
C1HS), 5.89 (d, /=4.0 Hz, 1H, C1H1), 5.87 (d, /=3.8 Hz, 1H, C1H3)
5.55 (d, /=8.1 Hz, 1H, NH1), 4.57 (d, J=4.0 Hz, 1H, C2H5), 4.57 (d, /=
3.8Hz, 1H, C2H3), 456 (d, /J=4.0Hz, 1H, C2H1), 4.51 (dd, J=3.3,
8.0 Hz, 1H, C4H5), 438 (m, 1H, CBHS), 437 (m, 1H, CBH3), 4.36 (m,
1H, CoH4), 434 (dd, J=3.3, 82Hz, 1H, C4H1), 427 (dd, J=34,
100 Hz, 1H, C4H3), 423-4.16 (m, 1H, CaH2), 4.15-4.09 (m, 1H,
CPBH1), 4.04 (d, J=3.4Hz, 1H, C3H3), 3.72 (d, /=33 Hz, 1H, C3H1),
3.68 (s, 3H, COOMe), 3.65 (d, J=3.3 Hz, 1H, C3HS), 3.39 (s, 3H, OMe),
3.36 (s, 6H, OMe), 2.73 (dd, /=54, 16.0 Hz, 1H, CaH,z,5), 2.71 (dd,
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J=5.0,13.7Hz, 1H, CaH,,g)3), 2.61 (dd, /=538, 16.0 Hz, 1H, CoH,5)5),
2.54-2.49 (m, 2H, CaH,r)l, CaHgyos)1), 2.21 (dd, J=3.7, 13.7 Hz, 1H,
CoHy.5)3), 1.64 (s, 6H, CH;), 1.47 (s, 3H, CHj;), 1.43 (s, 9H, Boc), 1.37
(d, J=72Hz, 3H, CH#4), 1.36 (d, /=6.9 Hz, 3H, CH;2), 1.31 (s, 3H,
CH,), 1.30 ppm (s, 6H, CH;); "CNMR (CDCl,;, 150 MHz): 6=173.4,
172.7, 172.0, 171.3, 170.5, 156.0, 111.6, 111.5, 111.2, 105.0, 104.9, 104.7,
84.1, 83.7, 83.3, 81.3, 81.1, 81.0, 79.8, 79.6, 79.4, 78.7, 57.4, 57.3, 57.2, 51.9,
50.5, 50.2, 48.1, 47.3, 45.8, 38.1, 37.5, 35.1, 28.3 (3C), 26.6, 26.5, 26.2, 26.1,
17.2, 16.4 ppm; HRMS (ESI): m/z caled for C;sH73N5O,: 1026.4746 [M +
Na]*; found: 1026.4725.

6b: As described for the synthesis of 1, a mixture of 24 (0.15g,
0.222 mmol), HOBt (0.036g, 0.266 mmol), and EDCI (0.051g,
0.266 mmol) in CH,Cl, (5mL) was stirred at 0°C for 15 min and then
treated with 20b (prepared from 19b (0.105 g, 0.222 mmol) and TFA
(0.1 mL) in CH,Cl, (1 mL)) and DIPEA (0.06 mL, 0.332 mmol) under N,
atmosphere for 8 h. Workup and purification by column chromatography
(silica gel, 3.1 % methanol in CHCL;) afforded 6b (0.115 g, 50.19%) as a
white solid. M.p.: 233-236°C; [a]p=—115.1 (¢=0.1, CHCL); IR (KBr):
7=3345, 3271, 2983, 2924, 1751, 1716, 1643, 1526, 1153, 1033, 1013 cm™;
'HNMR (CDCl;, 308 K, 500 MHz): 6=7.23 (d, J=8.0Hz, 1H, NH4),
7.19 (d, J=8.1 Hz, 1H, NH3), 6.97 (d, J=7.8 Hz, 1H, NHSY), 6.40 (d, /=
5.2 Hz, 1H, NH2), 6.02 (d, /J=4.1 Hz, 1H, C1HS), 5.88 (d, /J=3.8 Hz,
1H, C1H1), 587 (d, J=3.8Hz, 1H, CIH3), 558 (d, /J=8.6Hz, 1H,
NH1), 4.57-4.54 (m, 3H, C2H1, C2H3, and C2HS), 4.52 (dd, J=3.7,
8.8 Hz, 1H, C4HS5), 4.39 (m, 1H, CfH3), 4.36 (m, 1H, CfHS5), 4.37 (m,
1H, C4H1), 4.29-4.24 (m, 1H, CaH3), 4.10 (m, 1H, CaH4), 4.08 (m, 1H,
CpH1), 4.0 (d, /=3.8Hz, 1H, C3H2), 3.72 (d, /J=3.6 Hz, 1H, C3H1),
3.68 (s, 3H, COOMe), 3.63 (d, J=3.7 Hz, 1H, C3HS5), 3.38 (s, 3H, OMe),
3.36 (s, 6H, OMe), 2.71 (dd, /=4.7, 13.9, 1H, CaH,,r)3), 2.68-2.65 (m,
2H, CaH5), 2.55 (dd, /=6.9, 13.9 Hz, 1H, CaHyx)1), 2.49 (dd, /=52,
13.9 Hz, 1H, CaH 1), 2.28 (dd, J=4.1, 13.9, 1H, CoH,,s)3), 2.18-
2.10 (m, 1H, CpH4) 1.47 (s, 3H, Me), 1.46 (s, 3H, Me), 1.44 (s, 3H, Me),
1.44 (s, 9H, Boc), 1.36 (d, /=7.0 Hz, 1H, CH;2), 1.30 (s, 3H, Me), 1.30
(s, 3H, Me), 1.29 (s, 3H, Me), 0.97 (d, J=5.0 Hz, 3H, CH,4), 0.95 ppm
(d, J=4.9 Hz, 3H, CH;4); "C NMR (CDCl,, 100 MHz): 6 =172.7, 172.2,
171.8, 171.4, 170.7, 156.1, 111.7, 111.5, 111.3, 105.0, 104.9, 104.7, 84.1,
83.8, 83.5, 814, 81.2, 81.1, 79.8, 79.7, 79.5, 78.8, 60.5, 57.5, 57.3, 51.9, 50.4,
48.4,47.2, 45.8, 38.0, 37.8, 35.2, 29.7, 29.5, 28.4 (3C), 26.7, 16.6, 26.3, 26.2,
19.3, 18.8, 17.3 ppm; HRMS (ESI): m/z calcd for C,;;H;;N5O5: 1054.5059
[M+Na]*; found: 1054.5069.

6¢c: As described for the synthesis of 1, a mixture of 24 (0.15g,
0.222 mmol), HOBt (0.036g, 0.266 mmol), and EDCI (0.051g,
0.266 mmol) in CH,Cl, (5mL) was stirred at 0°C for 15 min and then
treated with 20¢ (prepared from 19¢ (0.102 g, 0.222 mmol) and TFA
(0.1 mL) in CH,Cl, (1 mL)) and DIPEA (0.06 mL, 0.332 mmol) under N,
atmosphere for 8 h. Workup and purification by column chromatography
(silica gel, 3.2% methanol in CHCl;) afforded 6¢ (0.125 g, 54.6%) as a
white solid. M.p.: 118-121°C; [a]p=—-64.2 (c=0.1, CHCL); IR (KBr):
7=3343, 3263, 2963, 2933, 1745, 1721, 1638, 1521, 1162, 1023, 1013 cm™;
'"HNMR (CDCl;, 278 K, 600 MHz): 6=7.59 (d, J=8.3 Hz, 1H, NH3),
7.39 (d, J=8.0 Hz, 1H, NHS), 7.21 (brs, 1H, NH4), 6.41 (d, J=5.9 Hz,
1H, NH2), 6.13 (d, J=42Hz, 1H, ClHS), 592 (d, J=3.7Hz, 1H,
C1H1), 5.89 (d, /J=3.7Hz, 1H, C1H3), 5.66 (d, J=82Hz, 1H, NH1),
4.60-4.57 (m, 3H, C2H1, C2H3, and C2HS), 4.55 (dd, /J=5.4,9.4 Hz, 1H,
C4HS), 4.41 (dd, /=3.0, 9.8 Hz, 1H, C4H3), 4.39-4.35 (m, 1H, CBHS5),
434 (dd, /=33, 82 Hz, 1H, C4H1), 432-4.28 (m, 1H, CBH3), 4.25 (q,
J=6.5Hz, 1H, CaH2), 4.20-4.14 (m, 1H, CBH1), 4.04 (d, /=3.0 Hz, 1H,
C3H3), 3.72 (d, J=3.3Hz, 1H, C3H3), 3.69 (s, 3H, COOMe), 3.66 (d,
J=3.3Hz, 1H, C3H5), 3.37 (s, 6H, OMe), 3.36 (s, 3H, OMe), 2.92 (dd,
J=5.6,16.4 Hz, 1 H, CaH,,r)5), 2.63 (dd, /=48, 13.6 Hz, 1 H, CoH0r)3),
2.51 (m, 2H, CoHl), 2.50 (m, 1H, CaHy,s5)1), 2.16 (dd, J=3.6, 13.6 Hz,
1H, CaHys53), 1.55 (s, 3H, CH34), 1.48 (s, 3H, Me), 1.47 (s, 3H, Me),
1.45 (s, 3H, Me), 1.42 (s, 3H, CHj4), 1.42 (s, 9H, Boc), 1.36 (d, J=
7.0 Hz, 1H, CH;2), 1.32 (s, 3H, Me), 1.31 (s, 3H, Me), 1.30 ppm (s, 3H,
Me); "CNMR (CDCl;, 100 MHz): 6=172.7, 172.2, 171.8, 171.4, 170.7,
156.1, 111.7, 111.5, 111.3, 105.0, 104.9, 104.7, 84.1, 83.8, 83.5, 81.4, 81.2,
81.1, 79.8, 79.7, 79.5, 78.8, 60.5, 57.5, 57.3, 51.9, 50.4, 48.4, 47.2, 45.8, 38.0,
37.8,35.2,29.7,29.5, 28.4 (3C), 26.7, 16.6, 26.3, 26.2, 19.3, 18.8, 17.3 ppm;
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HRMS (ESI): m/z caled for CuH75NsO4: 1040.4903 [M +Na]™*; found:
1040.4912.

7: As described for the synthesis of 12a, a solution of 6a (0.29 g,
0.289 mmol) gave 25a (0.281 g, 98.3%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 25a (0.245g, 0.247 mmol), HOBt (0.04 g,
0.296 mmol), and EDCI (0.057 g, 0.296 mmol) in CH,Cl, (5mL) was
stirred at 0°C for 15 min and then treated with 20a (pepared from 19a
(0.110 g, 0.247 mmol) and TFA (0.1 mL) in CH,Cl, (1 mL)) and DIPEA
(0.064 mL, 0.37 mmol) under N, atmosphere for 8 h. Workup and purifi-
cation by column chromatography (silica gel, 2.4 % methanol in CHCl;)
afforded 7 (0.165 g, 50.6%) as a white solid. M.p.: 177-179°C; [a]p=
=75 (¢=0.5, CHCL); IR (KBr): 7=3296, 2986, 2937, 1647, 1543, 1379,
1218, 1168, 1081, 1021 cm™'; 'H NMR (500 MHz, CDCly): 6=7.99 (d, /=
5.3 Hz, 1H, NH4), 7.90 (d, /=7.3 Hz, 1H, NH6), 7.78 (d, /=9.4 Hz, 1H,
NH3), 7.59 (d, /J=8.4 Hz, 1H, NH5), 6.92 (d, /=8.1 Hz, 1H, NH7), 6.43
(d, J=43Hz, 1H, NH2), 5.99 (d, J=3.8 Hz, 1H, C1H7), 5.89 (d, /=
3.9 Hz, 1H, Cl1H3), 5.88 (d, /=3.9 Hz, 1H, C1H5), 5.87 (d, /=3.9 Hz,
1H, CI1H1), 549 (d, /J=82Hz, 1H, NH1), 458 (d, J=39Hz, 1H,
C2H5S), 4.57 (d, J=3.8 Hz, 1H, C2H7), 4.56 (d, J=3.9 Hz, 1H, C2H1),
4.55 (d, J=39 Hz, 1H, C2H3), 449 (m, 1H, CfH3), 4.48 (dd, J=3.0,
7.3 Hz, 1H, C4H7), 4.39 (m, 1H, CBH7), 438 (m, 1H, CAHS), 4.34 (m,
1H, CaH6), 431 (dd, /=33, 102 Hz, 1H, C4H5), 427 (dd, /=33,
7.8 Hz, 1H, C4H1), 4.23 (dd, /=3.3, 9.8 Hz, 1H, C4H3), 420 (m, 1H,
CaH2), 417 (m, 1H, CoH4), 416 (m, 1H, CfH1), 4.04 (d, /=3.4 Hz,
1H, C3HS), 3.94 (d, J=33Hz, 1H, C3H3), 3.75 (d, /=33Hz, 1H,
C3H1), 3.68 (s, 3H, COOMe), 3.66 (d, /=33 Hz, 1H, C3H7), 3.39 (s,
3H, OMe), 3.37 (s, 6H, OMe), 3.36 (s, 3H, OMe), 2.69 (dd, J=6.8,
15.9 Hz, 1H, CoH,,x)7), 2.66 (dd, J=5.0, 13.1 Hz, 1 H, CaH,,r)5), 2.63
(dd, J=5.5, 159 Hz, 1H, CaH,.s)7), 2.55 (dd, J=5.1, 13.1Hz, 1H,
CoHyor)3), 2.54 (dd, J=4.8, 14.5 Hz, 1H, CaH,x)1), 2.45 (dd, J=6.2,
14.5 Hz, 1H, CaH,,5)1), 2.14 (dd, /=2.9, 13.1 Hz, 1H, CaH,,s5), 2.14
(dd, J=32, 13.1Hz, 1H, CaH,,s3), 1.48 (s, 3H, CH;), 1.44 (s, 9H,
Boc), 1.44 (s, 6H, CH;), 1.43 (s, 3H, CH;), 1.40 (d, J=7.0Hz, 3H,
CH;2), 1.38 (d, /=7.0Hz, 3H, CHs4), 1.37 (d, J=7.0 Hz, 3H, CH;6),
1.31 (s, 3H, CH;), 1.30 (s, 6H, CH;), 1.29 ppm (s, 3H, CH;); "C NMR
(CDCl,;, 75 MHz): 6=174.8, 173.1, 172.8, 172.0, 171.9, 171.3, 170.7, 156.0,
111.7, 111.6, 111.4, 111.3, 105.1, 105.0, 104.9, 104.8, 84.5, 84.0, 83.6, 83.5,
81.5, 81.3, 80.2, 80.2, 79.6, 78.8, 57.5, 57.4, 57.2, 51.8, 51.7, 51.1, 49.8, 47.9,
474, 46.9, 46.2, 38.7, 38.1,35.9, 28.4 (3C), 26.7, 26.7, 26.3, 26.0, 17.1, 16.6,
16.0 ppm; HRMS (ESI): m/z caled for CsgHgsN,O,q: 1340.6224 [M +Na™];
found: 1340.6280.

17: As described for the synthesis of 1, a mixture of 16a (0.2 g,
0.463 mmol), HOBt (0.075g, 0.555mmol), and EDCI (0.106g,
0.555 mmol) in CH,Cl, (5 mL) was stirred at 0°C for 15 min and then
treated with 16b (prepared from 15 (0.2 g, 0.463 mmol) and TFA
(0.2mL) in CH,Cl, (2mL)) and DIPEA (0.12 mL, 0.69 mmol) under N,
atmosphere for 8 h. Workup and purification by column chromatography
(silica gel, 2.0% CHCl; in MeOH) afforded 17 (0.29 g, 82.42%) as a
white solid. M.p.: 210-212°C; [a],=-14.0 (¢=0.25, CHCL); IR (KBr):
7=3329, 2984, 2938, 1760, 1694, 1650, 1534, 1374, 1252, 1167, 1078, 1023,
854 cm™'; 'TH NMR (CDCl;, 303 K, 500 MHz): 6=7.71 (d, J=7.7 Hz, 1H,
NH4), 7.17 (d, J=9.2 Hz, 1H, NH3), 6.50 (d, J=4.8 Hz, 1H, NH2), 5.33
(d, /=84 Hz, 1H, NH1), 5.89 (d, /=4.0Hz, 1H, C1H1), 5.88 (d, /=
4.0 Hz, 1H, C1H3), 4.58 (d, J=4.0 Hz, 1H, C2H3), 4.56 (m, 1H, CaH4),
4.55 (d, J=4.0Hz, 1H, C2H1), 4.51-4.44 (m, 1H, CBH3), 4.23 (dd, /=
3.2, 74 Hz, 1H, C4H1), 4.19 (dd, /=33, 9.9 Hz, 1H, C4H3), 4.18-4.14
(m, 1H, CpH1), 4.11-4.04 (m, 1H, CaH2), 4.00 (d, /=33 Hz, 1H,
C3H3), 3.72 (d, /=3.2Hz, 1H, C3H1), 3.71 (s, 3H, COOMe), 3.39 (s,
3H, OMe), 3.36 (s, 3H, OMe), 2.58 (dd, /=5.0, 13.4 Hz, 1H, CaH,x)3).
2.56 (dd, /=52, 147 Hz, 1H, CaHyg)l), 2.44 (dd, J=6.4, 14.7 Hz,
1H, CoHyos)l), 2.25 (dd, J=3.9, 13.4 Hz, 1H, CaHy,s)3), 1.47 (s, 6H,
CH,), 1.44 (s, 9H, Boc), 143 (d, J=72Hz, 3H, CH34), 140 (d, /=
6.9 Hz, 3H, CH;2), 1.31 (s, 3H, CH;), 1.30 ppm (s, 3H, CH;); “C NMR
(CDCl;, 100 MHz): 6=175.4, 172.4, 171.3, 170.8, 156.1, 111.6, 104.9,
104.7, 84.1, 83.4, 81.4, 81.2, 80.1, 79.9, 79.6, 57.5, 57.3, 52.4, 50.9, 48.5,
47.8, 46.5, 38.9, 38.3, 284 (3C), 26.7, 26.6, 26.4, 26.2, 17.0, 16.3 ppm;
HRMS (ESI): m/z caled for C3HsN,O:5: 761.3731 [M+H]™; found:
761.3742.
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8a: As described for the synthesis of 1, a mixture of 25a (0.03 g,
0.03 mmol), HOBt (0.004g, 0.036 mmol), and EDCI (0.007 g,
0.036 mmol) in CH,Cl, (1.5 mL) was stirred at 0°C for 15 min and then
treated with 18b (prepared from 17 (0.023 g, 0.03 mmol) and TFA
(0.1 mL) in CH,Cl, (0.5 mL)) and DIPEA (0.007 mL, 0.045 mmol) under
N, atmosphere for 8 h. Workup and purification by column chromatogra-
phy (silica gel, 3.5 % methanol in CHCL;) afforded 8a (0.029 g, 56.6 %) as
a white solid. M.p.: 200-202°C; [a]p=+2.84 (¢=0.17, CHCL;); IR (KBr):
7=3309, 2985, 2931, 1653, 1541, 1379, 1218, 1165, 1081, 1022, 856 cm™';
'H NMR (600 MHz, CDCl;): 6=8.10 (d, J=7.4 Hz, 1H, NH9), 7.93 (d,
J=82Hz, 1H, NH4), 7.80 (d, J=7.8 Hz, 1H, NH3), 7.74 (d, J=8.5 Hz,
1H, NH6), 7.61 (d, /=5.7Hz, 1H, NH7), 7.39 (d, J=9.3 Hz, 1H, NHS),
7.05 (d, J=7.6 Hz, 1H, NHS5), 6.89 (d, J=5.0 Hz, 1H, NH2), 5.90 (d, J=
3.8 Hz, 1H, C1HS), 5.89 (d, /=3.9 Hz, 1H, C1H3), 5.88 (d, /=3.8 Hz,
1H, C1H6 and C1H1), 5.88 (d, J=3.5 Hz, 1H, C1H5), 5.55 (d, J=8.3 Hz,
1H, NH1), 4.63 (d, J=3.8 Hz, 1H, C2H1), 4.62 (d, J=3.8 Hz, 2H, C2H8
and C2H1), 4.62 (d, J=3.8Hz, 2H, C2H6), 4.59 (d, /J=3.5Hz, 1H,
C2HS5), 4.59 (m, 1H, CBH6), 4.59 (d, J=3.9 Hz, 1H, C2H3), 4.54 (m, 1 H,
CaH9), 4.51-4.49 (m, 1H, CBH3), 4.48-4.44 (m, 1H, CRHS), 4.43-4.39
(m, 1H, CBHS5), 4.34 (dd, J=3.0, 9.6 Hz, 1H, C4H6), 428 (m, 1H,
CaH4), 425 (m, 1H, CBH1), 4.24 (m, 2H, C4H5 and CaH2), 4.22 (m,
1H, C4H3), 4.17 (dd, J=3.0, 10.0 Hz, 1H, C4H8 and C4H1), 4.05 (d, /=
3.0 Hz, 1H, C3H7), 4.03-3.98 (m, 1H, CaH7), 3.89 (m, 1H, C3H5), 3.88
(m, 1H, C3H3), 3.73 (d, /=3.0 Hz, 1H, C3H6), 3.72 (d, /=3.0Hz, 1H,
C3H1), 3.71 (s, 3H, COOMe), 3.40 (s, 3H, OMe), 3.39 (s, 3H, OMe),
3.38 (s, 6H, OMe), 3.36 (s, 3H, OMe), 2.60 (dd, J=4.8, 13.0Hz, 1H,
CaHro1)8), 2.58-2.56 (m, 1H, CaH,x)3), 2.54 (dd, J=4.8, 14.5 Hz,
1H, CoHor)l), 2.51 (dd, J=4.8, 14.5 Hz, 1H, CoH 1)), 2.48 (m, 1H,
CaHyos)l), 247 (m, 1H, CaHgon6), 237 (dd, J=62, 145 Hz, 2H,
CoHo56 and CaHe5), 223 (m, 1H, CaHgyes3), 2.21 (m, 1H,
CoHyo58), 1.48 (s, 9H, CH;), 1.43 (m, 6H, CH;9 and CH,7), 1.43 (s,
9H, Boc), 1.40 (d, J=7.0 Hz, 3H, CH;2), 1.34 (d, J=7.2 Hz, 3H, CH;4),
1.31 (s, 3H, CH;), 1.30 (s, 9H, CH;), 1.25 ppm (s, 3H, CH;); "C NMR
(CDCl;, 298 K, 150 MHz,): 6=175.5, 173.7, 173.0, 172.8, 171.6, 171.4,
171.1, 170.9, 170.2, 156.1, 156.0, 111.7, 111.6, 104.9, 104.9, 104.8, 104.7,
96.1, 84.0, 83.8, 83.5, 83.4, 81.4, 81.4, 81.4, 81.4, 81.2, 80.3, 79.9, 79.8, 79.5,
575,574, 57.4,57.3, 53.6, 52.4, 51.3, 50.9, 50.5, 48.6, 47.8, 46.9, 46.7, 46.5,
46.1, 41.9, 38.7, 38.6, 38.4, 38.3, 38.1, 31.9, 29.7, 29.4, 28.4 (3C), 26.8, 26.8,
26.7,26.7,26.5, 26.4, 26.3, 26.1, 26.1, 22.7, 19.2, 18.6, 17.4, 17.1, 17.0, 16.8,
16.2, 14.1 ppm; HRMS (ESI): m/z caled for C;3H,,NyOs,: 838.8794 [M +
Na2]*; found: 838.8766.

8b: As described for the synthesis of 12a, a solution of 6b (0.13 g,
0.126 mmol) gave 25b (0.127 g, 99.0%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 25b (0.12g, 0.117 mmol), HOBt (0.019 g,
0.142 mmol), and EDCI (0.027 g, 0.142 mmol) in CH,Cl, (3 mL) was
stirred at 0°C for 15 min and then treated with 18b (prepared from 17
(0.089 g, 0.117mmol) and TFA (0.1mL) in CH,Cl, (0.5mL)) and
DIPEA (0.03 mL, 0.175 mmol) under N, atmosphere for 8 h. Workup
and purification by column chromatography (silica gel, 4.0% methanol in
CHCl;) afforded 8b (0.08 g, 35%) as a white solid. M.p.: 215-217°C;
[alp=-72.5 (¢=0.1, CHCL); IR (KBr): 7#=3315, 2978, 2941, 1644, 1543,
1381, 1221, 1153, 1089, 1063 cm™'; '"H NMR (CDCl,;, 288 K, 600 MHz):
0=8.08 (d, J=74Hz, 1H, NH9), 7.77 (brs, 1H, NH7), 7.66 (d, J=
5.6 Hz, 1H, NH6), 7.59 (d, /=53 Hz, 1H, NH4), 7.42 (d, /=89 Hz, 1H,
NH3), 7.33 (d, /=9.3 Hz, 1H, NH8), 7.17 (d, /=6.3 Hz, 1H, NH5), 7.02
(d, J=8.1Hz, 1H, NH2), 5.89 (d, /=3.8 Hz, 1H, C1HS8), 5.88 (m, 3H,
C1H1, C1H3, and CIHS6), 5.87 (d, /=3.8 Hz, 1H, C1HS5), 5.67 (d, /=
8.6 Hz, 1H, NH1), 4.60 (d, /=3.8 Hz, 1H, C2H8), 4.59 (m, 1H, C2H1
and C2HS), 4.57 (m, 1H, C2H1 and C2HS), 4.57 (m, 1H, C4H6), 4.56
(m, 2H, C2H1 and C2HS), 4.55 (m, 1H, CaH9), 4.53 (m, 1H, CBH3),
4.45 (tt, J=4.2, 9.5 Hz, 1H, CfHS), 4.36 (dd, J=3.1, 9.4 Hz, 1H, C4H6),
4.35 (m, 1H, CaH2), 433 (m, 1H, CBHS5), 4.33 (m, 1H, C4H5), 4.29 (m,
1H, C4H3), 427 (dd, J=3.1, 8.6 Hz, 1H, C4H1), 4.17 (dd, /=3.0, 9.5 Hz,
1H, C4HS8), 4.15-4.11 (m, 1H, CBH1), 4.04 (d, /=3.0Hz, 1H, C3HS),
4.03-4.00 (m, 1H, CaH7), 3.87 (t, J=7.5Hz, 1H, CaH4), 3.84 (d, /=
3.2 Hz, 1H, C3H3), 3.83-3.80 (m, 1H, C3HS), 3.76 (d, J=3.1Hz, 1H,
C3H6), 3.72 (m, 1H, C3H1), 3.71 (s, 3H, COOMe), 3.39 (s, 6H, OMe),
3.38 (s, 6H, OMe), 3.35 (s, 3H, OMe), 2.63 (dd, J=4.2, 145Hz, 1H,
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CoHyor)3), 2.59 (dd, /=47, 13.0Hz, 1H, CaH,.x)8), 2.52 (m, 2H,
CoH1), 2.51 (m, 2H, CoHS), 2.49 (m, 1H, CoH,x)6), 2.38 (dd, J=5.2,
14.3 Hz, 1H, CaH,56), 2.31 (dd, /=6.2, 14.8 Hz, 1H, CaH;,s)3), 2.21
(dd, J=2.9, 13 Hz, 1H, CaH,,s8), 2.02-1.96 (m, 1H, CBH4), 1.48 (s,
6H, Me), 1.47 (s, 3H, Me), 1.46 (m, 3H, CH,7), 1.45 (s, 6H, Me), 1.43 (s,
9H, Boc), 1.43 (m, 3H, CH39), 1.39 (d, /J=6.8 Hz, 3H, CH32), 1.31 (s,
3H, Me), 1.30 (s, 6H, Me), 1.29 (s, 6H, Me), 0.99 (d, J=6.7 Hz, 3H,
CH4), 0.98 ppm (d, J=6.7 Hz, 3H, CH;4); *C NMR (CDCl,, 100 MHz):
0 1754, 173.3, 173.1, 172.0, 171.6, 171.2, 170.9, 170.3, 156.0, 111.6. 111.5,
111.4, 104.9, 104.8, 104.7,83.9, 83.7, 83.4, 81.4, 81.3, 81.0, 80.3, 79.9, 79.4,
77.3,77.0, 76.7, 61.3, 57.4, 57.3, 52.4, 51.4, 50.1, 48.6, 48.0, 46.7, 46.7, 46.4,
46.2, 38.7, 38.5, 38.2, 38.1, 37.9, 29.7, 28.4 (3C), 26.7,26.4, 26.3, 26.3, 26.1,
19.2, 19.0, 17.1, 16.7, 16.2 ppm; HRMS (ESI): m/z calcd for C;sH;»NyOs,:
1682.8015 [M +Na]™; found: 1682.8008.

8c: As described for the synthesis of 12a, a solution of 6¢ (0.065 g,
0.064 mmol) gave 25¢ (0.063 g, 98.2%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 25¢ (0.06g, 0.059 mmol), HOBt (0.01g,
0.072 mmol), and EDCI (0.014 g, 0.072 mmol) in CH,Cl, (3 mL) was
stirred at 0°C for 15 min and then treated with 18b (prepared from 17
(0.045 g, 0.059 mmol) and TFA (0.1mL) in CH,Cl, (0.5mL)) and
DIPEA (0.02mL, 0.107 mmol) under N, atmosphere for 8 h. Workup
and purification by column chromatography (silica gel, 4.0 % methanol in
CHCl;) afforded 8¢ (0.04 g, 40.2%) as a white solid. M.p.: 135-137°C;
[a]p=-50.4 (c=0.05, CHCl;); IR (KBr): #=3325, 2963, 2933, 1661,
1523, 1327, 1256, 1136, 1076, 1053cm™'; 'HNMR (CDCl,, 283K,
600 MHz): 6=8.20 (d, /=6.7 Hz, 1H, NH), 8.01 (brs, 1H, NH), 7.80 (d,
J=75Hz, 1H, NH), 7.36-7.23 (m, 5H, NH), 5.90-5.88 (m, 5H, C1H),
4.61-4.51 (m, 8H), 4.47-4.42 (m, 1H), 432-4.10 (m, 7H), 4.05 (d, J=
34 Hz, 1H), 4.01-3.99 (m, 1H), 3.86-3.84 (m, 1H), 3.79-3.72 (m, 4H,
C3H), 3.70 (s, 3H, COOMe), 3.39 (m, 6H, OMe), 3.38 (s, 3H, OMe),
3.37 (s, 3H, OMe), 3.35 (s, 3H, OMe), 2.65-2.55 (m, 3H, CaH), 2.50-
227 (m, 6H, CoH), 2.15 (dd, /=23, 13.1 Hz, 1H, CaH), 1.49 (s, 3H,
Me), 1.48 (s, 6H, Me), 1.48 (m, 3H, CH,7), 1.44 (s, 3H, Me), 1.43 (s, 9H,
Boc), 1.43 (m, 3H, CH;), 1.36 (m, 6H, CHj;), 1.31 (m, 6H, CH;), 1.29 (s,
6H, Me), 1.25 ppm (s, 12H, Me); *C NMR (CDCl,, 150 MHz): § =175.4,
174.4, 173.6, 173.4, 171.7, 170.9, 170.4, 169.9, 156.1, 111.6, 111.6, 111.6,
111.3, 105.0, 104.9, 104.9, 104.8, 104.7, 96.1, 84.3, 83.8, 83.5, 83.4, 81.4,
81.3, 80.9, 80.5, 80.0, 79.8, 79.5, 78.0, 57.5, 57.4, 57.3, 57.3, 57.1, 52.4, 51.9,
48.6, 47.5, 46.9, 46.2, 46.1, 45.8, 39.8, 38.6, 38.5, 38.1, 31.9, 29.7, 29.3, 28.4,
26.8, 26.8, 26.7, 26.4, 26.3, 26.2, 26.1, 26.1, 22.7, 17.2, 16.6, 16.1, 14.1,
8.6 ppm; HRMS (ESI): m/z caled for C;,H;;sNyOs,: 1668.7858 [M +Na]™*;
found: 1668.7922.

9: As described for the synthesis of 1, a mixture of 23 (0.103 g,
0.097 mmol), HOBt (0.016g, 0.116 mmol), and EDCI (0.022¢g,
0.116 mmol) in CH,Cl, (2.5 mL) was stirred at 0°C for 15 min and then
treated with 18b (prepared from 17 (0.074 g, 0.097 mmol) and TFA
(0.1 mL) in CH,Cl, (0.3 mL)) and DIPEA (0.025 mL, 0.145 mmol) under
N, atmosphere for 8 h. Workup and purification by column chromatogra-
phy (silica gel, 2.5% methanol in CHCl;) afforded 9 (0.052 g, 31.4%) as
a white solid. M.p.: 172-174°C; [a]p=+65.7 (c=0.25, CHCl;); IR (KBr):
7=3320, 2987, 2937, 1652, 1540, 1456, 1380, 1218, 1166, 1080, 1022,
856 cm™'; 500 MHz ("H NMR, CDCly): =822 (d, J=6.4 Hz, 1 H, NH5),
7.94 (d, J=7.7 Hz, 1H, NH10), 7.91 (d, J=9.0 Hz, 1H, NH4), 7.89 (d, J=
5.2 Hz, 1H, NH3), 7.81 (d, /=9.4 Hz, 1H, NH2), 7.48 (d, /=9.5 Hz, 1H,
NH7), 7.40 (d, J=4.9 Hz, 1H, NHS8), 7.27 (d, J=9.6 Hz, 1H, NH9), 6.95
(d, J=8.8 Hz, 1H, NH6), 5.88 (d, /=3.8 Hz, 1H, C1H6), 5.88 (d, /=
3.8 Hz, 1H, C1H4), 5.88 (d, /=3.4 Hz, 1H, C1H2), 5.87 (d, /=4.1 Hz,
1H, C1H9), 5.87 (d, J=3.9 Hz, 1H, C1H7), 5.0 (d, J=5.9 Hz, 1H, NH1),
4.64 (m, 1H, CpH7), 4.61 (d, J=3.9 Hz, 1H, C2H7), 4.59 (d, J=4.1 Hz,
1H, C2H9), 4.57 (d, J=3.8 Hz, 2H, C2H6 and C2H4), 4.55 (d, J=3.4 Hz,
1H, C2H2), 4.55 (m, 1H, CBH2), 4.55 (m, 1H, CaH10), 449 (m, 1H,
CRHY), 447 (m, 1H, CBH6), 446 (m, 1H, CfH4),), 437 (dd, J=3.0,
9.5 Hz, 1H, C4H7), 4.35-4.33 (m, 1H, CaH5), 424 (m, 1H, C4H2), 4.23
(dd, J=3.4, 99Hz 1H, C4H4), 423 (m, 1H, CaH3), 419 (m, 1H,
C4H6), 4.18 (m, 1H, C4H9), 4.05 (m, 1H, CaH8), 4.04 (d, /=3.3 Hz,
1H, C3H9), 4.02 (m, 1H, CaH1), 3.96 (m, 1H, C3H7 and C3H2), 3.94
(d, /=3.4Hz, 1H, C3H4), 3.92 (d, /=3.4Hz, 1H, C3H6), 3.71 (d, /=
3.0Hz, 1H, C3H7), 3.71 (s, 3H, COOMe), 3.40 (s, 3H, OMe), 3.39 (s,
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3H, OMe), 3.38 (s, 9H, OMe), 2.59 (dd, /=4.8, 13.0 Hz, 1H, CaH,,r)9),
2.57 (m, 1H, CaH,ory4), 2.56 (m, 2H, CaH )6 and CaH,or)2), 2.43
(m, 1H, CaHy,s57), 2.43 (m, 1H, CaH,,r)7), 2.28 (dd, J=5.3, 13.1 Hz,
1H, CoHy.506), 2.25 (dd, J=3.6, 13.0 Hz, 1H, CaH,.59), 2.19 (dd, /=
3.5, 129 Hz, 1H, CoHys2), 2.11 (dd, /=3.0, 12.9 Hz, 1H, CaH,,.54),
1.49 (s, 3H, CHj;), 1.47 (s, 6H, CHj), 1.46 (s, 3H, CHj;), 1.44 (s, 3H, CH,),
1.43 (d, J=7.1 Hz, 3H, CH;10), 1.41 (d, /=7.3 Hz, 6H, CH;8 and CH;3),
1.41 (s, 9H, Boc), 1.36 (d, J=7.2 Hz, 3H, CH;1), 1.35 (d, J=7.0 Hz, 3H,
CH,5), 1.31 (s, 9H, CH;), 1.30 ppm (s, 6H, CH;); *C NMR (CDCl,,
100 MHz): 6=175.8, 175.0, 174.4, 173.6, 172.9, 172.2, 172.1, 171.3, 171.2,
170.5, 156.0, 111.9, 111.8, 111.5, 105.2, 104.9, 83.6, 81.7, 81.5, 81.4, 80.4,
80.2, 80.1, 80.0, 57.6, 57.6, 57.5, 52.7, 52.1, 51.6, 51.5, 51.3, 48.9, 47.3, 47.0,
46.8, 46.4, 39.1, 38.7, 38.5, 38.4, 29.9, 28.5 (3C), 27.0, 29.9, 26.7, 26.6, 26.4,
263, 17.6, 17.1, 16.7, 164 ppm; HRMS (ESI): m/z caled for
Cy6H 5N gO355: 1725.8073 [M +Na]*; found: 1725.8088.

10: As described for the synthesis of 12a, a solution of 7 (0.086 g,
0.065 mmol) gave 26 (0.078 g, 91.7%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 26 (0.078¢g, 0.06 mmol), HOBt (0.009 g,
0.072 mmol), and EDCI (0.013 g, 0.072 mmol) in CH,Cl, (1.5mL) was
stirred at 0°C for 15min and treated with 18b (prepared from 17
(0.046 g, 0.06 mmol) and TFA (0.1 mL) in CH,Cl, (0.5 mL)) and DIPEA
(0.015 mL, 0.09 mmol) under N, atmosphere for 8 h. Workup and purifi-
cation by column chromatography (silica gel, 4.0% methanol in CHCl;)
afforded 10 (0.03 g, 25.8%) as a white solid. M.p.: 220-222°C; [a]p=
+63.73 (¢=0.25, CHCl;); IR (KBr): #=3309, 2985, 2931, 1653, 1541,
1379, 1218, 1165, 1081, 1022, 856 cm™'; 'H NMR (600 MHz, CDCL,): 6=
8.18 (d, /=5.5Hz, 1H, NH6), 7.98 (d, /=52 Hz, 1H, NH4), 7.88 (d, /=
7.8 Hz, 1H, NH11), 7.85 (d, /=9.6 Hz, 1H, NH5), 7.76 (d, /J=9.3 Hz,
1H, NH3), 7.42 (d, /J=8.3 Hz, 1H, NHS8), 7.38 (d, /J=5.2 Hz, 1H, NH9),
7.22 (d, J=9.3 Hz, 1H, NH10), 6.93 (d, J=9.0 Hz, 1H, NH7), 6.47 (d, /=
5.4 Hz, 1H, NH2), 5.88 (d, J=3.7Hz, 1H, C1H7), 5.88 (d, /=3.9 Hz,
1H, C1H1), 5.87 (d, /J=3.8Hz, 1H, C1H10), 5.87 (d, /J=3.4Hz, 2H,
C1HS and C1H3), 5.86 (d, /J=3.9 Hz, 1H, C1HS), 5.50 (d, /=83 Hz, 1H,
NH1), 4.64-4.61 (m, 1H, CBHS), 4.59 (d, J=3.9 Hz, 2H, C2HS), 4.58 (d,
J=3.8Hz, 1H, C2H10), 4.57 (d, J=3.7Hz, 1H, C2H7), 456 (d, J=
3.4 Hz, 2H, C2HS and C2H3), 4.55 (m, 1H, CaH11), 4.55 (d, J=3.9 Hz,
1H, C2H1), 449 (m, 1H, CBH3), 447 (m, 1H, CpH10), 4.45 (m, 1H,
CBHS), 4.44 (m, 1H, CBH7), 4.36 (dd, /=3.0, 9.5 Hz, 1H, C4H8), 4.35-
4.28 (m, 1H, CaH6), 4.27 (m, 1H, CBH1), 4.25 (m, 1H, CaH4), 4.24 (m,
1H, C4H3), 423 (m, 1H, C4HS), 420 (m, 1H, CoH2), 419 (m, 1H,
C4H7), 4.07-4.03 (m, 1H, CaH9), 4.02 (d, J=3.2 Hz, 1H, C3H10), 3.93-
3.90 (m, 2H, C3H7 and C3HS5), 3.74 (d, J=3.2 Hz, 1H, C3H1), 3.70 (d,
J=3.0Hz, 1H, C3H8), 3.71 (s, 3H, COOMe), 3.39 (s, 3H, OMe), 3.38 (s,
6H, OMe), 3.37 (s, 3H, OMe), 3.36 (s, 6H, OMe), 2.58 (dd, J=5.0,
132 Hz, 1H, CoHx)10), 2.55 (m, 1H, CaH,r)3), 2.54 (dd, J=5.5,
14.1 Hz, 2H, CaH,ory7 and CaH,or)1), 2.53 (m, 1H, CoH.x)5), 2.44
(dd, J=6.0, 141 Hz, 1H, CaHgs1), 243 (dd, J=6.7, 149 Hz, 1H,
CoHor)8), 2.39 (dd, J=6.4, 14.9 Hz, 1H, CaH,.58), 2.27 (dd, /=52,
141 Hz, 1H, CoHys7), 2.24 (dd, J=3.8, 13.2 Hz, 1H, CaH,,.s10),
2.15 (dd, J=3.6, 13.4 Hz, 1H, CaH,,s3), 2.13 (dd, J=2.6, 13.3 Hz, 1H,
CoHyo5)5), 1.48 (s, 3H, CH;), 1.47 (s, 9H, CH;), 1.45 (s, 3H, CH;), 1.44
(s, 9H, Boc), 1.43 (d, J=6.5Hz, 3H, CH;11), 1.41 (d, /=7.0Hz, 3H,
CH,9), 1.38 (d, /=7.0 Hz, 6H, CH;2 and CH34), 1.35 (d, J=7.0 Hz, 3H,
CH;6), 1.31 (s, 9H, CHj;), 1.30 (s, 3H, CHj;), 1.29 (s, 6H, CH;), 1.25 ppm
(s, 3H, CH;); "C NMR (CDCl,, 150 MHz): 6 =175.6, 174.8, 174.1, 172.8,
172.7, 171.8, 171.2, 171.0, 170.3, 111.7, 111.6, 111.3, 104.9, 104.9, 104.7,
104.6, 96.2, 96.1, 83.8, 83.4, 83.4, 83.3, 81.3, 81.2, 81.1, 81.0, 80.2, 80.0,
79.8,79.7,79.5, 57.5, 57.4, 57.3, 57.3, 52.5, 51.3, 51.1, 48.6, 46.7, 46.7, 46.5,
38.6, 38.3, 38.1, 29.7, 28.4 (3C), 26.8, 26.7, 26.6, 26.4, 26.3, 26.2, 26.1, 26.0,
17.0, 16.8, 16.5, 16.2, 16.1, 15.7, 15.0, 14.8, 14.6, 14.1, 13.5, 13.1, 12.9, 12.7,
12.6, 12.4, 12.2, 11.9, 11.8, 11.6, 11.4, 11.0, 10.8, 10.7, 10.4 ppm; HRMS
(ESI): m/z calcd for CgH,3N;;O54: 995.9533 [M +Na2]*; found: 995.9490.

34a: As described for the synthesis of 1, a mixture of 14a (0.5g,
2.65 mmol), HOBt (0.429 g, 3.17 mmol), and EDCI (0.61 g, 3.17 mmol) in
CH,Cl, (10 mL) was stirred at 0°C for 15 min and then treated with 33
(0.37 g, 2.65 mmol) and DIPEA (0.69 mL, 3.96 mmol) under N, atmos-
phere for 8 h. Workup and purification by column chromatography (silica
gel, 60 % ethyl acetate in petroleum ether) afforded 34a (0.68 g, 93.8%)
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as a white solid. M.p.: 62-65°C; [a]p,=—50.5 (¢=0.5, CHCL;); IR (KBr):
7#=3323, 2972, 2937, 1716, 1673, 1517, 1370, 1169, 1157, 1072 cm™;
'"H NMR (CDCl;, 303 K, 300 MHz): §=6.66 (brs, 1H, NH2), 5.01 (brs,
1H, NH1), 4.14-4.09 (m, 1H, CaHl), 3.69 (s, 3H, COOMe), 3.57-3.47
(m, 2H, CBH2), 2.54 (t, /=59 Hz, 2H, CaH2), 1.44 (s, 9H, Boc), 1.34
(d, J=7.0 Hz, 3H, CH;1), 1.34 ppm (d, J=7.0 Hz, 3H, CH;2); "C NMR
(CDCl;, 100 MHz): 6=172.6, 155.4, 79.9, 51.6, 50.3, 34.7, 33.7, 282 (3C),
18.4 ppm; HRMS (ESI): m/z caled for C,H,,N,O5: 275.1548 [M +H]*;
found: 275.1531.

34b: As described for the synthesis of 1, a mixture of 14d (0.5¢g,
2.33 mmol), HOBt (0.38 g, 2.79 mmol), and EDCI (0.54 g, 2.79 mmol) in
CH,Cl, (10 mL) was stirred at 0°C for 15 min and then treated with 33
(0.324 g, 2.33 mmol) and DIPEA (0.604 mL, 3.72 mmol) under N, atmos-
phere for 8 h. Workup and purification by column chromatography (silica
gel, 35% ethyl acetate in petroleum ether) afforded 34b (0.68 g, 97.5%)
as a yellow syrup. [a],=—-287.36 (c=0.5, CHCl;); IR (KBr): #=3325,
2962, 2935, 1715, 1678, 1525, 1365, 1171, 1157, 1082 cm™'; 'H NMR
(CDCl,;, 303 K, 300 MHz): 6=7.13 (brs, 1H, NH1), 6.61 (brs, 1H, NH1),
4.22 (brs, 1H, CaH1), 3.69 (s, 3H, COOMe), 3.59-3.45 (m, 4H, C6H1
and CPH2), 2.57-2.51 (m, 2H, CaH2), 2.27-2.11 (m, 2H, CBH1), 1.98-
1.89 (m, 2H, CyH1), 145ppm (s, 9H, Boc); "CNMR (CDCl,,
100 MHz): 6=172.6, 172.2, 80.2, 61.1, 60.0, 51.7, 46.8, 34.7, 33.7, 30.9,
28.5,28.2 (3C), 24.7, 23.5 ppm; HRMS (ESI): m/z calcd for C,H,,N,O5:
301.1786 [M +H]*, found: 301.1735.

34c¢: As described for the synthesis of 1, a mixture of 14e (0.5g,
2.33 mmol), HOBt (0.38 g, 2.79 mmol), and EDCI (0.54 g, 2.79 mmol) in
CH,(Cl, (10 mL) was stirred at 0°C for 15 min and then treated with 33
(0.324 g, 2.33 mmol) and DIPEA (0.604 mL, 3.72 mmol) under N, atmos-
phere for 8 h. Workup and purification by column chromatography (silica
gel, 40% ethyl acetate in petroleum ether) afforded 34¢ (0.65 g, 93.2%)
as a yellow syrup. [a]p=4224.9 (¢=0.5, CHCL); IR (KBr): #=3329,
2967, 2945, 1719, 1680, 1523, 1365, 1171, 1159, 1086 cm™'; 'H NMR
(CDCl;, 303 K, 300 MHz): 0=7.14 (brs, 1 H, NH1), 6.60 (brs, 1H, NH1),
4.22 (brs, 1H, CaH1), 3.68 (s, 3H, COOMe), 3.59-3.45 (m, 4H, CoH1
and CBH2), 2.57-2.51 (m, 2H, CaH2), 2.27-2.11 (m, 2H, CH1), 1.95—
1.78 (m, 2H, CyH1), 145ppm (s, 9H, Boc); "CNMR (CDCl,,
100 MHz): 0=172.6, 172.2, 80.2, 61.1, 60.0, 51.6, 46.9, 46.8, 35.6, 34.6,
33.6, 29.6, 283 (3C), 24.4, 23.5ppm; HRMS (ESI): m/z caled for
C4H,,N,05: 301.1770 [M +H]*; found: 301.1788.

36: As described for the synthesis of 1, a mixture of 21 (0.35g,
0.81 mmol), HOBt (0.131g, 0.972mmol), and EDCI (0.186¢g,
0.972 mmol) in CH,Cl, (5 mL) was stirred at 0°C for 15 min and then
treated with 35a (prepared from 34a (0.222 g, 0.81 mmol) and TFA
(0.2mL) in CH,Cl, (2 mL)) and DIPEA (0.21 mL, 1.121 mmol) under N,
atmosphere for 8 h. Workup and purification by column chromatography
(silica gel, 2.0% methanol in CHCL;) afforded 36 (0.38 g, 77.9%) as a
white solid. M.p.: 175-178°C; [a]p=—-59.6 (c=0.5, CHCl,); IR (KBr):
7=3330, 2986, 2940, 1762, 1693, 1645, 1539, 1364, 1256, 1167, 1078, 1026,
856 cm™'; '"H NMR (500 MHz, CDCl;): 0=7.49 (d, /=9.0 Hz, 1H, NH2),
7.32 (d, J=7.7 Hz, 1H, NH3), 6.66 (d, J=6.3 Hz, 1H, NH4), 5.87 (d, /=
3.8Hz, 1H, C1H2), 5.08 (d, /J=6.5Hz, 1H, NH1), 4.57 (d, J=3.7 Hz,
1H, C2H2), 449-4.44 (m, 1H, CBH3), 444-435 (m, 1H, CaH3), 4.20
(dd, J=3.2, 9.3 Hz, 1H, C4H2), 4.09-4.03 (m, 1H, CaH1), 3.97 (d, J=
3.2 Hz, 1H, C3H2), 3.71 (s, 3H, COOMe), 3.59-3.53 (m, 1H, CBH4),
3.48-3.41 (m, 1H, Cp'H4), 3.39 (s, 3H, OMe), 2.62 (dd, J=5.0, 13.4 Hz,
1H, CaHyor)2), 2.56-2.51 (m, 1H, CaH4), 2.29 (dd, /J=6.4, 14.7 Hz,
1H, CaHys52), 1.45 (s, 3H, CH;), 1.41 (s, 9H, Boc), 1.39 (d, J=7.5 Hz,
3H, CH,3), 1.36 (d, /=69 Hz, 3H, CH;l), 1.30 ppm (s, 3H, CHs,);
BCNMR (CDCl,, 150 MHz): 6=173.5, 173.4, 173.2, 170.9, 155.9, 111.6,
104.9, 83.6, 81.4,79.9, 79.7, 57.4, 52.0, 50.9, 49.9, 46.5, 38.5, 34.9, 33.6, 28.2
(3C), 26.8, 26.4 ppm; HRMS (ESI): m/z calcd for C,sHyyN,O;;: 611.7865
[M+Na]*, found: 611.7835.

11a: As described for the synthesis of 12a, a solution of 36 (0.1g,
0.166 mmol) gave 37 (0.095 g, 97.2%) as a white solid, which was used
without further purification in the next step. As described for the synthe-
sis of 1, a mixture of 37 (0.035g, 0.081 mmol), HOBt (0.013 g,
0.097 mmol), and EDCI (0.019 g, 0.097 mmol) in CH,Cl, (2mL) was
stirred at 0°C for 15 min and then treated with 35a (prepared from 34a
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(0.034 g, 0.081 mmol) and TFA (0.1mL) in CH,Cl, (03 mL)) and
DIPEA (0.02mL, 0.122 mmol) under N, atmosphere for 8 h. Workup
and purification by column chromatography (silica gel, 4.2 % methanol in
CHCl;) afforded 11a (0.035 g, 59.2%) as a white solid. M.p.: 205-208°C;
[a]lp=+146 (c=0.1, CHCL);); IR (KBr): #=3277, 2966, 2956, 1665,
1559, 1379, 1241, 1199, 1075, 1026 cm™'; '"HNMR (CDCl,;, 283K,
600 MHz): 6=8.08 (d, J=5.5Hz, 1H, NH3), 7.82 (d, /=9.5Hz, 1H,
NH2), 7.75 (dd, J=4.5, 7.5 Hz, 1H, NHG6), 7.24 (t, J=5.5 Hz, 1H, NH4),
7.15 (d, J=6.6 Hz, 1 H, NH5), 5.91 (d, J=3.7 Hz, 1 H, C1H2), 5.02 (d, J =
5.5Hz, 1H, NH1), 4.60 (d, /=3.7Hz, 1H, C2H2), 4.56-4.52 (m, 1H,
CPH2), 4.34-4.29 (m, 2H, CaH3 and CoHS), 4.18 (dd, J=3.0, 9.7 Hz,
1H, C4H2), 4.04 (d, J=3.0 Hz, 1H, C3H2), 4.01-3.97 (m, 1H, CaH1),
3.80-3.73 (m, 1H, CBHS), 3.74 (s, 3H, COOMe), 3.61-3.56 (m, 1H,
CPH4), 3.38 (s, 3H, OMe), 3.36-3.29 (m, 1H, Cp'H4), 3.23-3.16 (m, 1H,
CP'H6), 2.80 (ddd, J=4.3, 9.2, 17.1 Hz, 1 H, CaH ), 2.57 (dd, /=52,
130Hz, 1H, CaHog2), 252 (m, 1H, CoHgpr6), 2.50 (m, 1H,
CaHyes4), 222 (dd, J=2.8,13.0 Hz, 1H, CaH,y,,52), 2.19-2.16 (m, 1H,
CoHpos6), 1.51 (s, 3H, Me), 1.41 (s, 9H, Me), 1.41 (m, 3H, CH,5), 1.40
(m, 3H, CH,3), 1.39 (d, /=6.8 Hz, 3H, CH;l), 1.32 ppm (s, 3H, Me);
BCNMR (CDCl;, 100 MHz): 6 =175.2, 173.6, 173.5, 173.3, 172.2, 171.9,
155.9, 111.5, 105.0, 83.4, 81.2, 80.5, 80.1, 57.4, 51.9, 51.5, 51.3, 50.3, 47.0,
382, 36.9, 36.6, 352, 33.5, 28.3 (3C), 26.9, 25.9, 17.6, 17.4, 16.7 ppm;
HRMS (ESI): m/z caled for Cy,H;,NsOy,: 753.3408 [M +Na]*; found:
753.3416.

11b: As described for the synthesis of 1, a mixture of 37 (0.13 g,
0.221 mmol), HOBt (0.036g, 0.221 mmol), and EDCI (0.051g,
0.265 mmol) in CH,Cl, (3 mL) was stirred at 0°C for 15 min and then
treated with 35b (prepared from 34b (0.066 g, 0.221 mmol) and TFA
(0.1 mL) in CH,Cl, (0.3 mL)) and DIPEA (0.057 mL, 0.329 mmol) under
N, atmosphere for 8 h. Workup and purification by column chromatogra-
phy (silica gel, 4.0 % methanol in CHCl;) afforded 11b (0.09 g, 52.8 %) as
a white solid. M.p.: 100-104°C; [a]p,=—163.6 (c=0.1, CHCl;); IR (KBr):
7=3276, 2968, 2946, 1667, 1545, 1373, 1257, 1199, 1065, 1024 cm™';
'"HNMR (CDCl;, 303 K, 600 MHz): 6=8.25 (d, J=8.0 Hz, 1H, NH2),
742 (d, J=6.0Hz, 1H, NH4), 7.35 (d, /=7.7, 1H, NH3), 7.10 (t, J=
5.6 Hz, 1H, NH6), 5.96 (d, J=4.0 Hz, 1H, C1H2), 498 (d, /J=6.2 Hz,
1H, NH1), 4.60 (d, J=4.0 Hz, 1H, C2H2), 4.47 (m, 1H, CfH2), 4.46 (m,
1H, CaH3), 4.38-4.35 (m, 1H, CaH5), 4.14-4.09 (m, 1H, CaH1), 4.03 (d,
J=3.3Hz, 1H, C3H2), 3.67 (s, 3H, COOMe), 3.66-3.62 (m, 1H, COHS),
3.58 (m, 1H, CBH4), 3.56 (m, 1H, CBH6), 3.41 (m, 1H, C3'H5), 3.38 (s,
3H, OMe), 3.36 (m, 1H, CoH6), 3.34 (m, 1H, CoH4), 2.71 (dd, J=4.9,
13.5Hz, 1H, CaHg,r2), 2.58 (m, 1H, CaHgr)0), 2.57 (m, 1H,
CaH ro.1)4), 2.53 (m, 1H, CaHpo54), 2.49 (m, 1H, CaHj,,06), 2.24 (dd,
J=32, 135 Hz, 1H, CoHs?2), 2.10 (m, 1H, CyHS), 2.06 (m, 1H,
Cp'HS), 2.02 (m, 1H, CBHS), 1.95-1.89 (m, 1H, Cy'HS5), 1.47 (s, 3H,
Me), 1.40 (s, 9H, Me), 1.39 (d, J=7.2 Hz, 3H, CH,3), 1.30 (d, /=6.8 Hz,
3H, CH;l), 1.32 ppm (s, 3H, Me); "CNMR (CDCl;, 100 MHz): 6=
176.7, 173.1, 172.3, 172.0, 171.2, 170.7, 156.0, 111.1, 105.0, 83.5, 81.3, 79.9,
79.7,60.2, 57.2, ,51.7, 50.7, 49.9, 47.6, 46.7, 38.0, 35.0, 35.0, 33.6, 33.6, 29.5,
282 (3C), 26.6, 25.8, 24.5, 17.4, 17.3 ppm; HRMS (ESI): m/z calcd for
C3Hs6NO3: 779.3803 [M +Na]*; found: 779.3821.

11c: As described for the synthesis of 1, a mixture of 37 (0.095¢g,
0.162 mmol), HOBt (0.026g, 0.194 mmol), and EDCI (0.037 g,
0.194 mmol) in CH,Cl, (4 mL) was stirred at 0°C for 15 min and then
treated with 35¢ (prepared from 34¢ (0.048 g, 0.162 mmol) and TFA
(0.1 mL) in CH,Cl, (0.3 mL)) and DIPEA (0.042 mL, 0.242 mmol) under
N, atmosphere for 8 h. Workup and purification by column chromatogra-
phy (silica gel, 3.0% methanol in CHCI;) afforded 11¢ (0.075 g, 60.3 %)
as a white solid. M.p.: 105-108°C; [a]p=+90.17 (¢=0.1, CHCl;); IR
(KBr): 7=3278, 2966, 2956, 1666, 1549, 1379, 1251, 1189, 1075,
1024 cm™'; '"HNMR (CDCl;, 303 K, 500 MHz): 6=7.67 (d, J=9.0 Hz,
1H, NH2), 7.41 (d, /J=8.0 Hz, 1H, NH3), 7.15 (t, J=6.1 Hz, 1H, NH6),
6.87 (t, J=6.2 Hz, 1H, NH4), 5.88 (d, /J=4.0 Hz, 1H, C1H2), 5.13 (d, /=
7.0 Hz, 1H, NH1), 4.57 (d, /J=4.0 Hz, 1H, C2H2), 4.53-4.48 (m, 2H,
CBH2 and CaHS5), 4.38-4.35 (m, 1H, CaH3), 4.25-4.16 (m, 1H, C4H2),
4.07-4.01 (m, 1H, CoH1), 3.96 (d, J=2.7Hz, 1H, C3H2), 3.71 (s, 3H,
COOMe), 3.57 (m, 2H, CPH4), 3.54 (m, 1H, CBHS6), 3.53 (m, 1H,
COHYS), 3.48 (m, 1H, Cp'H6), 3.42 (m, 1H, CO'HS), 3.39 (s, 3H, OMe),
2.56 (m, 3H, CaH,,r)2 and CaH6), 2.55 (m, 1H, CaH r)4), 2.51-2.44
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(m, 1H, CaH,5%), 2.38-2.27 (m, 1H, CaHys2), 2.12-2.03 (m, 2H,
CPHS), 2.01-1.88 (m, 2H, CyHS), 1.46 (s, 3H, Me), 1.41 (s, 9H, Me),
1.38 (d, J=7.0 Hz, 3H, CH:3), 1.36 (d, J=6.9 Hz, 3H, CH,1), 1.30 ppm
(s, 3H, Me); "CNMR (CDCl,, 100 MHz): 6 =173.6, 173.3, 173.0, 171.8,
171.4,170.9, 155.8, 111.5, 104.8, 83.5, 81.3, 79.9, 79.7, 60.0, 57.3, 51.9, 51.0,
49.9,47.4, 46.2, 384, 35.0, 34.0, 33.7, 33.5, 28.2 (3C), 26.7, 26.2, 26.1, 24.7,
17.5, 17.4 ppm; HRMS (ESI): m/z caled for C3H5NO,5: 779.3803 [M +
Na]*; found: 779.3831.
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Homolytic S—S Bond Dissociation of 11 Bis(thiocarbonyl)disulfides
R-C(=S)—S—S—C(=S)R and Prediction of A Novel Rubber Vulcanization

Accelerator

Adrian Matthew Mak,"”! Ralf Steudel,”” and Ming Wah Wong*!!

Abstract: The structures and energetics
of eight substituted bis(thiocarbonyl)di-
sulfides (RCS,),, their associated radi-
cals RCS,, and their coordination com-
pounds with a lithium cation have been
studied at the G3X(MP2) level of
theory for R=H, Me, F, Cl, OMe,
SMe, NMe,, and PMe,. The effects of
substituents on the dissociation of
(RCS,), to RCS;, were analyzed using
isodesmic stabilization reactions. Elec-
tron-donating groups with an unshared
pair of electrons have a pronounced

enthalpy of tetramethylthiuram disul-
fide (TMTD, R=NMe,) is the lowest
in the above series (155 kJmol™), at-
tributed to the particular stability of
the formed Me,NCS," radical. Both
(RCS,), and the fragmented radicals
RCS; form stable chelate complexes
with a Li* cation. The S—S homolytic
bond cleavage in (RCS,), is facilitated
by the reaction [Li(RCS,),]* +Lit—

Keywords: ab initio calculations -
bond energy - ligand design - radical

2[Li(RCS,)]'*. Three other substituted
bis(thiocarbonyl) disulfides with the
unconventional substituents R =OSFs,
Gu', and Gu* have been explored to
find suitable alternative rubber vulcani-
zation accelerators. Bis(thiocarbonyl)-
disulfide with a guanidine-type sub-
stituent, (Gu'CS,),, is predicted to be
an effective accelerator in sulfur vul-
canization of rubber. Compared to
TMTD, (Gu'CS,), is calculated to have
a lower bond dissociation enthalpy and
smaller associated barrier for the S—S

stabilization effect on both (RCS,),
and RCS,. The S—S bond dissociation

ions - sulfur

Introduction

The vulcanization of natural or synthetic rubber is one of
the most important industrial processes in our civilization.
This process essentially involves the cross-linking of individ-
ual rubber polymer chains (e.g., cis-polyisoprene) via sulfide
and disulfide bridges, making the overall material mechani-
cally stronger but still elastic, as well as resistant to chemical
attack. The discovery of vulcanization using elemental sulfur
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Supporting information for this article, including the total energies
and atomic coordinates of all optimized structures [(B3LYP/6-31G-
(2df,p)] (Table S1), is available on the WWW under http://www.che-
masianj.org or from the author.
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homolysis.

has been credited to Charles Goodyear, but it has recently
been discovered that Mesoamericans have achieved this
method of rubber vulcanization as early as 1600 B.C.I"
Nowadays, a vast number of reagents associated with sulfur
vulcanization of rubber polymers have been developed.
These include dithiocarbamates, thiurams, thiourea, thia-
zoles, and sulfenamides;? their chemical structures are
shown in Scheme 1. Among these, mercaptobenzothiazoles
(MBT) and the thiurams are most effective for rubber vul-
canization.

Our recent study on the accelerator tetramethylthiuram
disulfide (TMTD) showed that its S—S bond dissociation en-
thalpy (150 kJmol™") is significantly lower than that of the
corresponding trisulfide (TMTT; 190 kJmol™'), based on
high-level G3X(MP2) calculations.”) To gain further insight
into the effect of substituents on the S—S bond dissociation
energy, we have carried out a systematic study of a series of
bis(thiocarbonyl)disulfides, R—C(=S)—S—S—C(=S)—R, using
high-level ab initio calculations. A number of conventional
univalent substituents (R), namely H, Me, F, Cl, OMe, SMe,
NMe,, and PMe,, were examined. The better known bis(-
thiocarbonyl)disulfides are those with R=alkyl/aryl,®
OMe,”! SMe,*”| and NMe,.®! Less is known about the
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thioureas thiurams
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S——s
tetramethylthiuram disulfide
(TMTD)

dithiocarbamates

S s ’S
A b

cthylene thiourea zine dimethyldithiocarbamate

(ETU) (ZDMC)

thiazoles sulfenanides

SH S—S

{ A
0 o

2-mercaptobenzothiazole mercaptobenzathiazole disulfide
(MBT) (MBTS)

N-cyclohexyl-2-benzothiazole
sulfenamide (CBS)

Scheme 1. Examples of sulfur vulcanization reagents available commer-
cially.

chlorine-substituted derivative (R =Cl),””’ and no references
have been found for R=F and PMe,. Except for the well-
characterized TMTD,!' no experimental structure determi-
nations of these compounds have been published to date.
However, theoretical structure calculations have been re-
ported for R=H (at the HF/STO-3G level)!* for R=0OMe
(CNDO level)!"! and for R=NMe, (G3X(MP2) level).”! An
important goal of our work was to obtain structural and
thermochemical data for the seven poorly characterized
molecules mentioned above at a high level of theory for the
first time.

Many coordination compounds are known which contain
the disulfide TMTD as a ligand or anionic derivatives ob-
tained by reductive cleavage of its S—S bond.['"” To systemat-
ically investigate the ligand properties of the neutral species
(RCS,), and the radicals RCS," that form as a result of S—S
bond homolysis, the lithium cation is used as a model metal
cation for ligand coordination. The small Li* cation allows
for a high level of theory to be used in quantum chemical
calculations. Since the binding energies of Li* complexes to-
wards a large number of Lewis bases are linearly related to
those of other cations such as Na* and Mg?* ¥ the use of
Li* as a model cation is justifiable.

As shown in our previous work, the Me,NCS," radical is
remarkably stable, attributed to the effective delocalization
of the & electrons and the spin density over the four-center
NCS, framework.”! However, the S—S bond dissociation en-
thalpy (BDE) for TMTD is still endothermic by
155.1 kJmol™" at the G3X(MP2) level.”) In industrial rubber
vulcanization, activators such as zinc oxide are added to fa-
cilitate S—S bond breaking by the coordination of TMTD to
zinc. The binding of small sulfur-containing compounds to
zinc oxide clusters has recently been investigated by Steudel
et al., with the result that the binding energies of S¢, Me,S,,
MeSH, and Me,S to a cubane-like Zn,O, cluster are exo-
thermic by —60.7 to —106.7 kJ mol~"."} Zinc oxide, however,
is an environmental pollutant that displays ecotoxicity!"!
and the inhalation of zinc oxide can result in severe pulmo-
nary conditions."*”) In an effort to find ways that can fur-
ther stabilize the RCS," radical and, hence, reduce the reli-
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ance on zinc oxide activators, some unconventional substitu-
ents R were considered based on their strong electron-do-
nating or -withdrawing ability as well as their ability to pro-
mote resonance-stabilized structures (see Scheme 2). The

S S S
R% >—R —» 2 R (1.
s—s S

F
F\ | ’F N N/§
R= F\\“?"I,F ’ [\)\ B )%
o) N N N N
~ | |
(OSFs) (Guh) (Gu?)

Scheme 2. The homolytic dissociation of (RCS,), using novel substituents

(R).

electron-withdrawing ability of the OSFs group has been
demonstrated by its strong conjugate acid HOSFs,"™® and the
two cyclic guanidine-type substituents (hereby denoted Gu!
and Gu®) have been noted for their strong basicity"” as well
as ability to form numerous resonance-stabilized structures
that result in the stabilization of the RCS, radical. Thus, the
hypothetical bis(thiocarbonyl)disulfides with these novel
substituents were also examined theoretically.

Computational Details

The structures and energies of the disulfides (RCS,),, radi-
cals RCS,, and their lithiated complexes for R=H, Me, F,
Cl, OMe, SMe, NMe,, and PMe, were examined at the
G3X(MP2) level of theory.” The G3X(MP2) method corre-
sponds effectively to energies calculated at the QCISD(T)/
G3XL//B3LYP/6-31G(2df,p) level, based on basis set addi-
tivity evaluated at the MP2 level. A spin-orbit correction
term and a high-level empirical correction term are included
in the final energy. Three important changes in the G3X-
(MP2) theory from the G3(MP2)?! theory are important for
the proper description of the sulfur-rich molecules studied:
1) the use of B3LYP/6-31G(2dfp) geometry; 2) the use of
B3LYP/6-31G(2df,p) zero-point vibrational energy scaled by
an empirical factor of 0.9854; 3) an addition of a g polariza-
tion function to the G3 Large basis set for second-row atoms
at the Hartree-Fock level.™ Structures of the larger bis(-
thiocarbonyl)disulfides ~ (FsSOCS,),, ((Gu))CS,),, and
(Gu?)CS,), and their associated radicals FsSOCS,,
(Gu)CS,, and (Gu?)CS," were optimized at the B3LYP/6-
31G(d) level. Energy calculations for these three systems
were then carried out at the MP2(fc)/6-311 4+ G(d,p) level of
theory based on the B3LYP/6-31G(d)-optimized structures.
Singlet biradical transition states corresponding to the ho-
molytic S—S bond cleavage were optimized at this level of
theory as well, using the UHF formalism and the mixing of
the HOMO and LUMO to destroy o and f§ spatial symme-
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tries. The RHF formalism was employed for all closed-shell
species, and the UHF formalism was employed for all open-
shell and singlet diradical species. Frequency calculations
were carried out to determine the nature of the stationary
points calculated. Those with all frequencies real correspond
to local minima, while those with one and only one imagina-
ry frequency correspond to transition-state structures. For
all investigated species, a charge density analysis was per-
formed using the natural bond orbital (NBO)®? approach
based on the B3LYP/6-31G(2df,p) wavefunction. NBO
atomic charges of small molecules have recently been dem-
onstrated to agree well with experimental values obtained
from X-ray diffraction data.”® All calculations were carried
out using the GAUSSIAN 03% and MOLPRO 20025
suites of programs.

Results and Discussion

Bis(thiocarbonyl)disulfides with the Conventional
Substituents R=H, Me, F, Cl, OMe, SMe, NMe,, and PMe,

We first examined the effect of several univalent substitu-
ents on the S—S bond dissociation reaction of bis(thiocarbo-
nyl)disulfide. The typical structures of (RCS,),, RCS,, [Li-
(RCS,),]*, [LI(RCS,)]'*, and triplet [(RCS,)Li(S,CR)]*, to-
gether with their atom labelings, are shown in Figure 1.

SQ
7o ! 52

S
(RCS,), RCS,’
(Cy) (Cy0r Cy)
S/LI\ 5 S/h
>—‘ )\ % / o 7R >/
[LI(RCS,),I" [LiRCS,]” [(RCS,)Li(S,CR)I"
(©) (Csor C) (€

Figure 1. Typical structures of (RCS,),, RCS,, [Li(RCS,),]*, [Li(RCS,)]'"
and triplet [(RCS,)Li(S,CR)]* according to reference [3]. Molecular
symmetry is indicated in parentheses.

Selected calculated structural parameters of the substitut-
ed bis(thiocarbonyl)disulfides (RCS,), with R=H, Me, F,
Cl, OMe, SMe, NMe,, and PMe, are presented in Table 1.
Consistent with our previous studies on tetramethylthiuram
disulfide (TMTD),”! the most stable conformers of substitut-
ed (RCS,), are of C, symmetry. In the case of (Me,PCS,),,
the C,PCS, skeleton is not planar but pyramidal at the phos-
phorus atom (Figure 2), unlike TMTD, which has an almost
planar C,NCS, framework. This is not unexpected, as phos-
phorus prefers a high s-orbital character of the lone-pair
electrons, and, hence, shows a reluctance to undergo s,p hy-
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Table 1. Selected calculated (B3LYP/6-31G(2dfp)) bond lengths (in A)
of (RCS,),. Average experimental values® for C-R bond lengths are in-
cluded for comparison.

R C1-S3 C1=S2 S3-S4 C1-R7 Average exptl C-R
(=C5=S6) (=C5—R8)

H 1.756 1.614 2.065  1.095 1.092 (C-H)

Me 1.785 1.622 2.049 1512 1.501 (C—C)

F 1.785 1.603 2.045 1331 1.327 (C-F)

Cl 1.775 1.604 2.058 1767 1.752 (C—CI)

OMe  1.809 1.628 2.034  1.327 1.405 (C-0O)

SMe  1.806 1.626 2.037  1.755 1.803 (C-S)

NMe, 1.840 1.650 2.023 1347 1.428 (C—N)

PMe, 1.783 1.631 2.059 1.844 1.858 (C—P)

Figure 2. The B3LYP/6-31G(2df,p)-optimized structure of (Me,PCS,),,
showing the lack of planarity at the C,PCS, framework.

bridization to form a planar coordination at P.*"*/ The C=S
bond lengths in (RCS,), range from 1.603 A for the fluorine
substituent to 1.650 A for the dimethylamino group. As ex-
pected, a shorter central S—S bond is associated with longer
C=S bonds. The S—S bond lengths range from 2.023 A for
the Me,N group to 2.065 A for the parent compound (R =
H). For R=H, Me, F, and Cl, the calculated C—R distances
are slightly longer than the average experimental value.”
This trend is reversed for the electron-donating substituents
with a lone pair of electrons, namely R=0Me, SMe, NMe,,
and PMe,. The largest deviations occur for R=0OMe and
NMe, (bond shortening of 0.076 and 0.081 A, respectively),
which is indicative of the delocalization of m electrons
within the OCS, and NCS, frameworks. The extent of deloc-
alization becomes less pronounced for the third-row ana-
logues R=SMe and PMe,, with the difference in bond
lengths at 0.048 and 0.014 A, respectively. In general, a
shorter C—R bond length correlates with a longer C=S bond
(Table 1). This structural feature can readily be understood
in terms of the contribution of the dipolar resonance form
(see Scheme 3). Thus, for substituents with an unshared pair
of electrons, the C—R distances are significantly shorter
while the C=S bond lengths are longer.

The radicals RCS;" are either of C,, (R=H, F, Cl, NMe,)
or C, symmetry (R=Me, OMe, SMe, PMe,). The calculated
C—S and C—R bond lengths are given in Table 2. The RCS;,
radical is resonance stabilized, as evidenced from the C—S
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Scheme 3. Resonance hybrid of bis(thiocarbonyl)disulfide (RCS,),.

Table 2. Selected calculated (B3LYP/6-31G(2dfp)) bond lengths (in A)
of RCS;.

Substituent (R) Cl1-R4 C1-82, C1-S3
H 1.089 1.665
Me 1.495 1.674
F 1315 1.659
cl 1.740 1.659
OMe 1315 1.683,14 16791
SMe 1.728 1685, 1.67914
NMe, 1.335 1.700
PMe, 1.816 1.683

[a] trans with respect to O—CHj. [b] cis with respect to O—CH,. [c] trans
with respect to S—CHs. [d] cis with respect to S—CH,.

bond lengths of 1.659 to 1.700 A, intermediate between the
typical length of a C—S single bond (1.803 A) and a C=S
double bond (1.584 A). For all the substituents considered,
the C—R bonds are also slightly shorter than those in the
corresponding dimer (RCS,),, suggesting an increased
extent of delocalization of m electrons into the attachment
atom of the R group (i.e., C for Me, O for OMe, N for
NMe,). The spin density plot of the HCS,® radical shown in
Figure 3 indicates that the RCS;" radicals are essentially of o
type, with the unpaired spin density located in both sulfur
atoms. Thus, RCS;" is best described as a resonance hybrid
of two sulfur-centered o radicals.

In Table 3 the homolytic S—S bond dissociation energies
(AE°, AH®y; and AG°,g) of bis(thiocarbonyl)disulfides
(RCS,),, calculated at the G3X(MP2) level of theory, are
tabulated. Most of the investigated (RCS,), molecules have
homolytic S—S bond dissociation enthalpies (BDE) in excess
of 190 kImol~!. However, TMTD (R =NMe,) has a substan-
tially lower BDE of 155.1 kJmol™. What is the origin of the
dramatic reduction of BDE in TMTD ? To further shed light
on the effect of substituents (R) on the S—S BDE, we have
computed the stabilization of (RCS,), and RCS,” with re-
spect to the parent molecules (HCS,), and HCS, using the
two isodesmic reactions®*!) shown in Equations (1) and (2).

RCS, + CH, — HCS, + CH;R 2)
The results given in Table 4 illustrate that both (RCS,),
and RCS, are stabilized by electron-withdrawing and elec-

tron-donating substituents. The extent of stabilization is par-
ticularly large for the electron-donating substituents with an
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Figure 3. UB3LYP/6-31G(2df,p) spin density plot of the HCS,’ radical.

Table 3. AE°, AH®,3, and AG®,4 values for the homolytic S—S bond dis-
sociation reaction (RCS,),—2RCS,, calculated at the G3X(MP2) level
of theory.

Substituent (R)

AE° [KImol™]  AH[kJmol!] AG® [kJmol™']

H 210.0 210.8 158.4
Me 193.0 193.0 139.1
F 190.2 190.0 137.1
Cl 206.9 2152 161.9
OMe 206.8 206.5 153.1
SMe 196.6 195.7 146.5
NMe, 155.6 155.1 100.3
PMe, 199.1 198.9 141.7

Table 4. Calculated substituent stabilization energies®™ (kJmol™) of
(RCS,),, RCS;', and S—S bond dissociation of (RCS,), based on isodesmic
reactions.

Substituent (R) (RCS,)," RCS, (RCS,),—2RCS, !
Me 129.3 732 17.0

F 133.6 76.7 19.8

Cl 115.4 59.2 3.1

OMe 234.4 118.8 32

SMe 184.2 98.8 13.4

NMe, 251.9 153.1 54.4

PMe, 142.6 76.8 11.0

[a] G3X(MP2) level of theory. [b] Based on Equation (1). [c] Based on
Equation (2). [d] Computed from the relative stabilization energy of
(RCS,) and 2RCS;".

unshared pair of electrons, such as OMe and NMe,. The
substituent stabilization effect of S—S homolysis depends on
the relative stabilizing effect of the disulfide and its related
radicals. In general, the combined stabilization energies of
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two RCS;’ radicals are larger than the stabilization energy of
corresponding disulfide (RCS,),. As a consequence, there is
a net increase in the stabilization energy for the S—S bond
dissociation process (Table 4). The differential stabilization
effect is very large for the dimethylamino substituent (R=
NMe,). Hence, the remarkably lower BDE of TMTD is at-
tributed mainly to the significant stability of the Me,NCS,’
radical. Our finding here confirms the idea that substituents
which stabilize the RCS," radical by electron-donating and
resonance effects are promising systems with low BDE.

Coordination of Li* to the Disulfides and the Radicals

The effect of metal ion coordination on the S—S BDEs of
the eight bis(thiocarbonyl)disulfides was investigated using
the Li* ion as a model cation. As with TMTD," the pre-
ferred Li* coordination sites for (RCS,), are located at the
terminal sulfur atoms instead of the attachment atom of the
substituent. Generally, coordination of (RCS,), to Li*
occurs through three favorable Li*--S interactions with a re-
duction in molecular symmetry from C, to C; (see Figure 1).
Selected calculated geometrical parameters of the [Li-
(RCS,),]* complexes are presented in Table 5. All three Li*
--S interactions for all eight complexes studied occur at dis-

Table 5. Selected calculated (B3LYP/6-31G(2dfp)) bond lengths (in A)
of [Li(RCS,),]*.

M. W. Wong et al.

Table 6. Selected calculated (B3LYP/6-31G(2dfp)) bond lengths (in A)

of [Li(RCS,)]"*.

Substituent Li-S2 Li-S3 C1-S2 C1-S3 C1-R7
H 2.521 2521 1.675 1.675 1.089
Me 2479 2479 1.690 1.690 1.484
F 2513 2513 1.679 1.679 1.287
cl 2.504 2.504 1.684 1.684 1.689
OMe 2463 2450 1.704 1.708 1282
SMe 2456 2439 1.705 1.713 1.691
NMe, 2419 2.419 1.725 1.725 1.310
PMe, 2431 2.431 1712 1712 1771

Table 7. Selected calculated (B3LYP/6-31G(2df,p) bond lengths (in A) of
triplet [(RCS,)Li(S,CR)]*.

Substituent Li—S2 Li-S3 C1-S2 C1-S3 C1-R7
(=Li-S5) (=Li-S4) (=C6-S5) (=C6-84) (=C6-RS)

H 2.585 2.584 1671 1672 1.089

Me 2.551 2550 1.685 1.685 1.486

F 2567 2.568 1675 1675 1.290

al 2565 2.564 1.678 1.679 1.695

OMe 2516 2539 1701 1.698 1.288

SMe 2513 2.541 1706 1.698 1.697

NMe, 2505 2.506 1717 1718 1314

PMe, 2520 2523 1702 1702 1782

Table 8. AH®,; and AG®; values (in kJmol™") for the coordination of
(RCS,), and RCS; to Li*, calculated at the G3X(MP2) level of theory.

Substituent Lit +(RCS,),—[Li(RCS,),]*

Li* + (RCS,) —[Li(RCS,)]*

Substituent  Li—S2  Li—S3  Li—S5 S3-S4 CI-R7 C6—RS8
H 2.510 2.541 2.456 2.087 1.091 1.091
Me 2.474 2.483 2.433 2.080 1.489 1.508
F 2.506 2.561 2.451 2.073 1.296 1.308
Cl 2.494 2.515 2.456 2.076 1.701 1.722
OMe 2.452 2.496 2.410 2.062 1.291 1.301
SMe 2.441 2.482 2.409 2.064 1.704 1.725
NMe, 2.371 2.517 2.349 2.069 1.323 1.332
PMe, 2.423 2.476 2.399 2.086 1.791 1.824

tances below 2.8 A, and are thus expected to be bonding in-
teractions with a electron density maximum along their
path.®! For the radicals [Li(RCS,)]'*, the Li* ion is slightly
out of the plane defined by C1-S2—S3 (see Figure 1). As al-
ready mentioned in our previous work with the Me,NCS,
radical, Li* is at a compromised position between two
forces: the ion-dipole attraction which is maximum in the
CS, plane, and a covalent bond interaction with the sulfur
3p lone pairs perpendicular to the CS, plane. This position-
ing of the Lit* ion can also be seen in the triplet [(RCS,)Li-
(S,CR)]* complexes. The Lit ion is coordinated to two
RCS," radicals through their terminal sulfur atoms in a tetra-
hedral manner. An overall C, molecular symmetry is ob-
served for these complexes (see Figure 1). Selected geomet-
rical parameters for the [Li(RCS,)]'" and triplet [(RCS,)Li-
(S,CR)]* complexes are shown in Tables 6 and 7.
Coordination of (RCS,), or RCS, to Li* is always exo-
thermic and exergonic, as shown in Table 8. For R=NMe,
(i.e., TMTD), the Li* binding energy to the disulfide and its
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AH4 AG s AH4 AG®s
H —166.3 —131.4 —101.6 —72.1
Me —-199.3 —163.7 —122.7 -93.7
F —137.6 —103.2 —80.6 —50.6
Cl —152.6 —117.5 —101.5 —71.3
OMe -219.1 —184.4 —138.9 —108.7
SMe —227.0 —188.9 —142.6 —-111.8
NMe, —284.9 —243.8 —181.1 —149.0
PMe, —223.6 —192.0 —139.9 —109.9

radical is highest, while in the case for R=F it is the lowest.
The low binding energy for (FCS,), and FCS," can be ex-
plained by the highly electronegative fluorine atom drawing
electron density away from the CS, moiety, resulting in less
pronounced ion-dipole attraction. This is evidenced in the
calculated NBO charges on fluorine of —0.292 for (FCS,),
and —0.283 for FCS;,; the NBO charge on the sulfur atoms
of (FCS,), are 0.078 and 0.226, and those on FCS, are 0.164.
Although the attachment atoms for R=0OMe and NMe, are
also highly electronegative, the contribution of electron den-
sity from the methyl groups to the oxygen and nitrogen
atoms leads to effective back-donation of electron density
from oxygen and nitrogen lone pairs to the CS, moiety, re-
sulting in less positive NBO charges on the sulfur atoms and
a more favorable Li*--S interaction. The NBO charges on
sulfur atoms for the cases R=0OMe and NMe, are: for
(MeOCS,),, —0.040 and 0.212, for MeOCS," (C, symmetry)
0.057 and 0.137, for (Me,NCS,),, —0.115 and 0.172, and for
Me,NCS,, 0.040. The NBO charges for the above species
were evaluated at the B3LYP/6-31G(2df,p) level.
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Subsequent Li*-mediated S—S homolytic bond cleavage
in (RCS,), can occur via a number of possible modes. These
can also be facilitated by additional Li* ions or the incorpo-
ration of elemental sulfur to form bis(thiocarbonyl) oligosul-
fides, followed by formation of disulfidic, trisulfidic, and pol-
ysulfidic radicals. The following three modes, shown in
Equations (3)—(5) are considered in this study:

[Li(RCS,),]" — [Li(RCS,)] " + (RCS,) (3)
[Li(RCS,),]" — [(RCS,)Li(S,CR)]" (4)
[Li(RCS,),]* + Li* — 2 [Li(RCS,)]* (5)

As evidenced in Table 9, calculated gas-phase enthalpies
and free energies of the above three reactions are generally
endothermic. The S—S BDEs for Equation (3) are highly en-

Table 9. AH®, and AG®, values (kJmol™) for the reactions [Li(RCS,),]t—
[Li(RCS,)]'" +(RCS,),, [Li(RCS,),]*—[(RCS,)Li(S,CR)]*, and [Li(RCS,),]* +
Li*—2[Li(RCS,)]'*, calculated at the G3X(MP2) level of theory.

Substituent [Li(RCS,),]* [Li(RCS,),]* [Li(RCS,),]* +Lit*
—[Li- — —2[Li(RCSy)|"*
(RCS)* +(RCS,) [(RCS,)Li(S,CR)]*
AH AG AHs  AG®us  AH%y  AG®

H 275.5 217.7 198.3 1742 173.9 145.6
Me 269.6 209.2 176.7 151.1 146.9 115.5
F 247.0 189.7 183.7 161.7 166.4 139.1
Cl 266.2 208.0 187.3 164.1 164.6 136.6
OMe 286.7 2289 180.2 157.3 147.9 120.2
SMe 280.2 223.7 175.2 154.6 137.6 1119
NMe, 259.3 195.4 127.0 100.3 782 46.4

PMe, 282.5 223.8 173.9 151.2 142.6 113.9

dothermic by more than 200 kJmol™' for all substituents.
The fluorine substituent shows the lowest enthalpy
(247.0 kJmol™") and the highest is that for the methoxy sub-
stituent (286.7 kImol ™). The enthalpies for Equation (3)
show small variation across different substituents, and are
higher than those for Equations (4) and (5). The lower en-
thalpies for Equation (4) compared to Equation (3) show
that it is more favorable for S—S bond dissociation with as-
sociated curve crossing to occur while the (RCS,), ligand is
still chelated to the Li* ion. Another explanation for the
lower enthalpy is the formation of an additional Li*---S con-
tact, which provides further stabilization of the fragmented
Li* adduct. The trend for the S—S BDE for Equation (4) is
different from that for Equation (3). The highest S—S BDE
for Equation (5) is that for the parent compound (R=H) at
198.3 kImol !, and the lowest is that of TMTD (R =NMe,)
at 127.0 kI mol ™. The addition of Li* ions aid the process of
S—S bond dissociation further, shown in the enthalpies for
Equation (5). The enthalpy trend for Equation (5) is similar
to that for Equation (4), again with the parent compound
having the highest reaction enthalpy of 173.9 kImol™' and
TMTD having the lowest reaction enthalpy of 78.2 kImol ..
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Breaking of the S—S bonds in bis(thiocarbonyl)disulfides
seems to be unfavorable, with S—S BDEs being generally
endothermic by more than 100 kJmol~'. The addition of Li*
ions helps facilitate this process by forming energetically fa-
vorable Li*--S interactions. Taking the enthalpy values from
Tables 8 and 9, Lit-mediated S—S bond dissociation by
Equation (5) is the most favorable for TMTD (R=NMe,)
with AH®,s and AG°, values being highly exothermic and
exergonic, by —206.7 and —197.5 kJmol !, respectively. In a
very recent study, we have examined the role of Zn,O, as an
activator for the S—S bond dissociation of TMTD.F

Bis(thiocarbonyl)disulfides with the Unconventional
Substituents R = OSF;, Gu!, and Gu®

Bis(thiocarbonyl)disulfides (RCS,), with the conventional
substituents R=H, CH;, F, Cl, OMe, SMe, and PMe, have
larger S—S bond dissociation energies (BDEs) than TMTD,
and, thus, there remains a reliance on a metal cation to facil-
itate S—S homolysis. Therefore, it is intriguing to determine
whether other suitable substituents can lower further the S—
S BDE of TMTD by either increasing or lowering the elec-
tron density at the S—S bond. To this end, we have explored
three additional bis(thiocarbonyl)disulfides with the uncon-
ventional substituents R=0OSF;, Gu', and Gu® (Scheme 2).
The two cyclic guanidine-type pyrimidines®™! are stronger
electron-donating substituents than NMe,,”! while the OSF;
group is known to be one of the most electronegative sub-
stituents.”® B3LYP/6-31G(d)-optimized structures of these
bis(thiocarbonyl)disulfides and their associated radicals
RCS; are shown in Figure 4, together with selected geomet-
rical parameters. The three disulfides display C, molecular
symmetry. The S—S bond length in (Gu'CS,), is markedly
longer than the others, at 2.111 A. Accordingly, the C=S
bonds are fairly long (1.664 A). These structural features
suggest that (Gu'CS,), may have a significantly weaker S—S
bond. As in the cases for R=0OMe and NMe,, the C—O and
C—N bond lengths in the three disulfides and the corre-
sponding radicals RCS," are significantly shorter than the
average experimental values (Table 1). Interestingly, the two
C—S bonds in Gu'CS," are significantly different in distance
(1.717 A versus 1.684 A). Careful inspection of the opti-
mized geometry shows that there exists a weak interaction
between the sulfur atom characterized by the longer C—S
bond with a guanidine nitrogen atom (see Figure 4). The
SN separation is 2.453 A, considerably shorter than the
sum of the van der Waal radii (3.40 A).* NBO analysis
also reveals that there is strong charge attraction between
these two atoms (40.23 S and —0.53 N). Furthermore, a sig-
nificant amount of spin density (0.33) is found in this guani-
dine nitrogen atom. In other words, the radical center is
partly delocalized into the guanidine moiety. These unusual
structural features described for Gu'CS, are not found in
the closely related radical Gu*CS,". The greater stabilization
of Gu'CS; is confirmed by the computed radical stabiliza-
tion energies [cf. Eq. (2)]. The stabilization energies of the
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{GUECSz]z

Figure 4. B3LYP/6-31G(d)-optimized ~ structures  of  (FsSOCS,),,
(Gu'CS,),, (GU*CS,),, FsSOCS,, Gu'CS,’, and Gu*CS,". Bond lengths are
in A. Hydrogens are omitted for clarity.

Gu! and Gu? substituents in the RCS," radical are 126.4 and
108.4 kI mol ™! (G3X(MP2) level), respectively.

Homolytic S—S bond dissociation energies (AE, and
AH?®,y) of these three bis(thiocarbonyl)disulfides, calculated
at the MP2/6-311+ G(d,p)//B3LYP/6-31G(d)+ZPE level,
are presented in Table 10. Calculated AE, and AH®,y values

Table 10. Calculated reaction energies (AE, and AH®,, kI mol™") for the
homolytic dissociation (RCS,),—2RCS,, R=NMe,, OSFs, Gu', and Gu’.

Substituent (R) MP2/B3LYP! G3X(MP2)

AE, AH AE, AH°
NMe, 150.0 150.0 155.6 155.1
OSF; 188.9 187.7
Gu! 115.9 115.4 101.6 102.2
Gu? 151.4 150.1

[a] MP2/6-311 +G(d,p)//B3LYP/6-31G(d) + ZPE.

using this method for R=NMe, and the corresponding
G3X(MP2) values are presented alongside for the purpose
of comparison.

For the TMTD case (i.e., R=NMe,), the good agreement
between the MP2/6-311+G(d,p) value (149.2 kJmol™!) and
the higher-level G3X(MP2) result (155.6 kImol™") lends us
confidence that the MP2 level of theory is an adequate
method of choice for studying the energetics of these three
larger bis(thiocarbonyl)disulfide systems. As seen from
Table 10, the cases for R=0SF; and Gu’? are more endo-
thermic than in the TMTD case, by 39.7 and 2.2 kJ mol ', re-
spectively. Essentially, the effect of the OSF; group is similar
to F, and the Gu® substituent behaves like NMe, (see
Table 3). In contrast, the homolytic S—S dissociation reac-
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tion (Gu'CS,),—2Gu'CS," is predicted to be significantly
less endothermic, by 33.3 kImol~'. The remarkably low S—S
BDE of (Gu!CS,), is confirmed by the higher-level G3X-
(MP2) calculation (101.6 kImol™"). The calculated substitu-
ent stabilization energies of Gu' in (RCS,), and RCS," are
144.5 and 126.4, respectively. Although both values are
smaller than the corresponding stabilization energies for the
NMe, substitutent (Table 4), the differential stabilization
effect for the bond dissociation process (RCS,),—2RCS; is
greater for the guanidine-type substituent. In other words,
the lower S—S BDE of (Gu'CS,), is readily attributed to the
relatively less stable disulfide (Gu'CS,),. In summary, we
predict that (Gu'CS,), may be a viable alternative to TMTD
as a vulcanization reagent, as Gu'CS, radicals can be
formed at a lower reaction temperature, which would save
costly energy during the vulcanization process.

It is important to examine also the kinetic requirement of
the S—S homolysis in these systems. The S—S bond dissocia-
tion reaction (RCS,),—2RCS; is expected to proceed via a
singlet diradical transition state near the point where the
singlet potential energy hypersurface (PES) of (RCS,),
crosses with the triplet PES of two RCS; radicals. Thus, the
UB3LYP method was employed to locate the S—S bond dis-
sociation transition states. Higher-level single-point energy
calculations were then obtained at the UMP2/6-3114G**
level. However, the UMP2 wavefunction is severely spin
contaminated in the S—S bond-breaking transition state. A
significantly improved UMP2 barrier height was obtained
by using a spin correction method developed by Yamaguchi
et al.”! The computed reaction profiles of the S—S homolyt-
ic dissociation reaction in (RCS,), for R =NMe,, OSF;, Gu',
and Gu? are summarized in Figure 5.

An activation barrier of 211.2 kJmol™! is predicted for S—
S homolysis of TMTD (R=NMe,). The energy barrier for
R =G’ is similar to that in TMTD. In the case of R = OSF;,
the barrier is significantly higher at 268.5 kJmol™. On the
other hand, the activation barrier for R=Gu' is calculated

300 RCS,—S,CR

—_—
1(268.5) *s

U889 R = OsF,

R =G
Energy 150 R = NMe,
/kJ mol™!
R=Gu'
100
50

Reaction Coordinate

Figure 5. Schematic potential energy profile of the homolytic S—S bond
dissociation reaction (RCS,),—2RCS,, for R=NMe,, OSF;, Gu', and
Gu?, calculated at the MP2/6-311+ G(d,p)//B3LYP/6-31G(d) + ZPE level
of theory. For the transition states, the UMP2 energies were corrected by
the spin correction method. Relative energies (kJ mol™') are given in pa-
rentheses.
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as 193.0 kJmol™!, 18.2 kImol ™! less than that for TMTD. On
the basis of the calculated barrier and reaction energy,
(Gu'CS,), is predicted to be more effective than TMTD in
providing RCS;" radicals in the process of rubber vulcaniza-
tion. Our theoretical finding also provides an avenue to ex-
plore the use of highly electron-donating substituents, for in-
stance, polyguanidine-substituted bis(thiocarbonyl)disulfides,
as viable reagents in rubber vulcanization. Such efforts
would be limited by the size of the substituents themselves,
as a bulky group could hinder the cross-linking process in-
stead of promoting it. We hope that our calculations will
stimulate further experimental study on the promising
system.

Conclusions

The structures and energetics of substituted bis(thiocarbo-
nyl)disulfides (RCS,),, their associated radicals RCS,", and
their coordinated compounds with lithium cation, for R=H,
Me, F, Cl, OMe, SMe, NMe,, and PMe,, have been studied
theoretically to determine the effect of substituents on the
S—S bond BDE. Most of these (RCS,), molecules have a
BDE at about 200 kJmol ' at the G3X(MP2) level. The ef-
fects of substituents on (RCS,), and RCS, were analyzed
using isodesmic bond exchange reactions. The calculated sta-
bilization energies show pronounced substituent effects on
the dimer and its fragmented radical. The stabilization effect
is very large for electron-donating groups with an unshared
pair of electrons (e.g., OMe and NMe,). The origin of the
significantly lower BDE of TMTD (155 kJmol™) can be
traced to a differential stabilization of the Me,NCS," radical
over the dimer. The addition of Li* ion to (RCS,), pro-
motes the homolytic S—S bond dissociation process by pro-
viding energy from the exothermic association of Li* to
(RCS,),. This process is likely to proceed by the formation
of a triplet complex [(RCS,)Li(S,CR)]*; the two RCS;’ radi-
cals are bound to the Li* ion through their sulfur atoms in a
tetrahedral manner. Additional Li* ions would facilitate the
process by forming [Li(S,CR)]'" radicals, and for the
TMTD case; this process is by far the most exothermic
(AH®;05=—206.7 kJmol™"). Three novel bis(thiocarbonyl)di-
sulfides with R=0OSF;, Gu!, and Gu* have been explored,
and their reaction energies and activation barriers for the
homolytic S—S bond dissociation were calculated at the
MP2/6-311+G(d,p)//B3LYP/6-31G(d)+ZPE level. Com-
pared to TMTD, both (F;SOCS,), and (Gu>*CS,), are found
to have slightly higher S—S BDESs and larger activation bar-
riers. On the other hand, (Gu'CS,), shows a promising
result, with an S—S BDE of 101.6 kJmol™" and the corre-
sponding activation barrier of 193.0 kJmol™, significantly
better than TMTD thermodynamically and kinetically. Thus,
(Gu'CS,), may be an effective reagent in sulfur vulcaniza-
tion of rubber, which may reduce the reliance on ZnO in re-
actant mixtures.
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Total Synthesis of Siomycin A: Completion of the Total Synthesis

Tomonori Mori, Shuhei Higashibayashi, Taiji Goto, Mitsunori Kohno, Yukiko Satouchi,
Kazuyuki Shinko, Kengo Suzuki, Shunya Suzuki, Hiraku Tohmiya,
Kimiko Hashimoto,* and Masaya Nakata**!

Abstract: The total synthesis of siomy-
cin A (1), a representative compound
of the thiostrepton family of peptide
antibiotics, was achieved by incorporat-

pling with the [-phenylselenoalanine
dipeptide segment D (5) at the seg-
ment C portion followed by lactamiza-
tion between the segments A and D

gave segment A-C-D (27). This was
amidated with the pentapeptide seg-
ment B (3) at the segment A portion
followed by one-pot cyclization (be-

ing the five synthetic segments A (2),
B (3), C (4), D (5), and E (6). The de-
hydropiperidine segment A (2) was es-
terified with the dihydroquinoline seg-
ment C (4), and the subsequent cou-

products -
total synthesis

Introduction

In the preceding article,! we described, as the early stage of
the total synthesis of siomycin A (1), the construction of the
five practical synthetic segments: the tetrasubstituted dehy-
dropiperidine segment A (2), the pentapeptide segment B
(3), the tetrasubstituted dihydroquinoline segment C (4),
and the PB-phenylselenoalanine dipeptide segments D (5)
and E (6; Figure 1). In this article, the segment couplings
and the completion of the total synthesis of siomycin A (1)
are described.
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tween segments A and B) and elonga-
tion (with the [(-phenylselenoalanine
dipeptide segment E (6) at the seg-
ment A portion), thus furnishing sio-
mycin A (1).

natural
siomycin A -

Results and Discussion

Intramolecular Epoxide Opening for the A-Ring
Construction'”!

As already described in the preceding article,V) our strategy
for the total synthesis of siomycin A (1) is as follows. After
the A-ring construction from three segments (segments A
(2), C (4), and D (5)), it is coupled with segment B (3) fol-
lowed by cyclization (lactamization) of the resulting cou-
pling product and elongation of the side-chain segment E
(6) onto the cyclization product (Figure 1). We anticipated
as the first plan that the cyclic core segment A-C-D (A ring)
could be obtained by an intramolecular epoxide-opening re-
action of several epoxy amines having the masked dehy-
droalanine structures (for example, the L- and/or D-B-phe-
nylselenoalanine substructures) or the dehydroalanine struc-
ture (R!,R*=R?, R*=m bond; Figure 2).

To this end, we prepared the cyclization precursor 13 by
the route shown in Scheme 1. Segment D (5)!! was con-
densed with Bpoc-L-Val-OH (7)P! (Bpoc = 1-(4-biphenyl)-1-
methylethoxycarbonyl) using 2-chloro-1,3-dimethylimidazo-
lidium hexafluorophosphate (CIP)* and 1-hydroxy-7-aza-
benzotriazole (HOALt) to afford tripeptide 8 in 77% yield
from the NHBoc (Boc=tert-butoxycarbonyl) derivative of
5.1 Deprotection of the 9-fluorenylmethyl (Fm) ester in 8
was realized using diethylamine® in CH,Cl, to give acid 9 in
95% yield. On the other hand, segment A (2)!! was treated
with dilute trifluoroacetic acid (TFA)F! in CH,Cl, at room
temperature for 0.5h to produce amine 10 in 91% yield.
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Figure 1. Siomycin A and its synthetic segments. Boc=tert-butoxycarbonyl, Bpoc =1-(4-biphenyl)-1-methylethoxycarbonyl, TMSE = trimethylsilylethyl,
TES =triethylsilyl, Teoc =2-(trimethylsilyl)ethoxycarbonyl, TBS = fert-butyldimethylsilyl, Fm =9-fluorenylmethyl.

Figure 2. Intramolecular epoxide opening for the A-ring construction.

Condensation of acid 9 and amine 10 was conducted with 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM)®! and N-methylmorpholine (NMM) in
MeOH to afford 11 in 75% yield. The esterification of 11
with the epoxy—quinoline derivative 12! was then exam-
ined. Using DCC-DMAP (DCC =1,3-dicyclohexyl carbodii-
mide, DMAP =4-(dimethylamino)pyridine), BOP-Cl-tri-
ethylamine-DMAP  (BOP-Cl= N,N-bis(2-oxa-3-oxazolidi-
nyl)phosphordiamidic chloride),”’ and BOP-triethylamine
(BOP =benzotriazol-1-yloxy-tris(dimethylamino)phosphoni-
um hexafluorophosphate)® as the condensation reagents re-
sulted in no reaction. In contrast, it was found that the
CIPY_DMAP-iPr,NEt conditions were effective for this
esterification, affording 13 in 84 % yield.

Abstract in Japanese:
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T AN A~EDQEFE L 2EOBLIZEVER L, T7hbb, )t s
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Deprotection of the Bpoc group in 13 by Mg(ClO,),”” in
acetonitrile at 40°C for 1 h afforded the free amine, which
was used for the intramolecular epoxide-opening reaction.
Although extensive reaction conditions, for example, Lewis
acid (LiCl1O,,™ Mg(Cl0,),," LiOTf™ Yb(OTf),"? (Tf=
trifluoromethanesulfonyl)), solvent, and reaction tempera-
ture, were investigated, all efforts resulted in failure, either
with no reaction or decomposition (probably aromatization
after the epoxide opening) of 13. Expecting a conformation-
al change in the cyclization precursor, other substrates 14,
15,51 16,3 and 17" were prepared (Figure 3) and subject-
ed to a variety of cyclization conditions after deprotection
of the Bpoc group. Unfortunately, either no reaction or de-
composition of the substrates occurred just as in the case of
13.

Model Studies for Intermolecular Epoxide Opening with
Amine!

Since the intramolecular epoxide opening for the A-ring
construction was unsuccessful, we next investigated the in-
termolecular epoxide-opening reaction using the model
quinoline epoxide 18" (racemate) and 1-Val-OBn 19 (Bn=
benzyl) in the presence of several types of Lewis acids as an
epoxide activator. The relevant experimental data are
shown in Table1. By our reported procedure!' using
LiClO,,"™ a 1:1 mixture of the coupling product 20 (40%
yield of isolated product as a 1:1 diastereomeric mixture)
and the aromatized 8-hydroxyquinoline (21) were obtained
(Table 1, entry 1). Other Lewis acids such as Ti(iPrO),,["”!
Zn(OTf),," Cu(OTf),,"™ and CeCl;7H,0" were not ef-
fective for this coupling (Table 1, entries 2-5). In the case of
Yb(OTf);, which had been used as a catalyst for the epoxide
openings with amines by the Crotti!'® and Yamamoto
groups,'®! the success depended on the solvent used. In
CH,Cl1,,"” the reaction resulted in a decomposition (Table 1,

Chem. Asian J. 2008, 3, 1013 -1025
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1 TFA, CHyCl,
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RT, 75% from 10

CIP, DMAP, iPrNEt
CH,Cly, RT, 84% from 11

Scheme 1. Synthesis of precursor 13 for the A-ring cyclization. CIP =2-chloro-1,3-dimethylimidazolidium hexafluorophosphate, HOAt=1-hydroxy-7-aza-
benzotriazole, TFA =trifluoroacetic acid, DMTMM = 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride, NMM = N-methylmorpholine,

DMAP =4-(dimethylamino)pyridine.
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R?
13: CHySePh  H CH,SePh  H
14 H CH,SePh H CH,SePh
15: CH,SePh H H CH3SePh
16: H CH,SePh CH,SePh  H
17: =CHg, =CH,

Figure 3. Five precursors for the A-ring cyclization.

entry 6). In THF,"®! compounds 20 and 21 were obtained in
a 1:1 ratio (Table 1, entry 7). The best result so far obtained
was when a 1:10 CH,Cl,-H,O mixture was used as a bipha-
sic solvent, affording 20 in 73 % yield of isolated product
without the formation of 21 (Table 1, entry 8). The presence
of water seems to be crucial to this epoxide-opening reac-
tion.”! The substrates 18 and 19 dissolve in CH,Cl,, and Yb-
(OTf); dissolves in water. This biphasic reaction medium
seems to match our demand to softly activate epoxide 18;
the strong activation of 18 with a Lewis acid induces the for-
mation of the aromatized 21.

Chem. Asian J. 2008, 3, 1013-1025
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Table 1. Model studies for intermolecular epoxide opening.[*!

+ HoN 0
X N
(e]
18 (1.0 equiv) 19 (1.1 equiv) 20
OH
_N
+ |
X
21
Entry Lewis acid Solvent T t  Ratio® of 20/21/
(equiv) [°C] [h] 18
1 LiClO, (5.0) CH,;CN 70 15 49:51:01
2 Ti(iPrO), (2.0) THF reflux 25 10:0:90
3 Zn(OTf), (1.0) CH;CN RT 22 decomp.
4 Cu(OTf), (0.1) CH;CN 70 22 0:79:21
5 CeCly7H,0 9:1 CH;CN- RT 22 no reaction
0.5) H,0
6 Yb(OTt); (0.5) CH,CL, RT 21 decomp.
7 Yb(OTf); (0.1) THF reflux 30  30:30:40
8 Yb(OTf); (0.2) 1:10 CH,Cl,- RT 24 91:0:9'
H,0

[a] Bn=benzyl. [b] The ratio of 20/21/18 was based on 'H NMR analysis
of the crude products. [c] Yield of isolated 20 after silica-gel column chro-
matography was 40% (entry 1) and 73 % (entry 8).

These results prompted us to investigate the coupling of
18 with tripeptide 22a®!! (1-valine-L-alanine-L-alanine struc-
ture) and 22b® (L-valine-L-B-phenylselenoalanine-L-B-phe-
nylselenoalanine structure; Scheme 2). Quinoline epoxide
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22a:R'= RZ— R3—Me
22b: R' = R? = CH,SePh, R® = Fm

J Yb(OTf)3, CH,Clp—H,0, RT

“%wwwqb

23a:R'=R?*=R%=Me
23b: R' = R? = CH,SePh, R®=Fm

Scheme 2. Model studies for intermolecular epoxide opening with tripep-
tides.

18 (1.0 equiv) was treated with 22a (1.1 equiv) in 1:10
CH,Cl,-H,O in the presence of a catalytic amount
(0.2 equiv) of Yb(OTf); at room temperature for 48h,
giving a 76:9:15 mixture of 23a, 21, and 18. In contrast, the
coupling of 18 with 22b under the same conditions afforded
a 56:44 mixture of 21 and 18; unfortunately, no 23b was ob-
tained. Therefore, we selected, as segment C, compound 4
(Figure 1), which was prepared by the epoxide opening with
L-Val-OFm as already described in the preceding article.!"

M. Nakata, K. Hashimoto et al.

Synthesis of Segments A-C-D (27):*! Successful A-Ring
Construction

Condensation of 1.2 equiv of segment A (2)!"! and 1.0 equiv
of segment C (4) was realized with CIP/ DMAP, and
iPr,NEt in CH,Cl, to give 24 in 67% yield (Scheme 3).
After deprotection of the Fm ester in 24 with 1:1 diethyl-
amine—-CH,CL,"”! the resulting carboxylic acid (1.0 equiv)
was coupled with 1.2 equiv of segment D (5)!!) with CIP,¥
HOALt, and iPr,NEt in CH,Cl, to give 25 in 94 % yield from
24. Deprotection of the Bpoc group in 25 with Mg(ClO,),"!
in acetonitrile followed by deprotection of the Fm group®
afforded the cyclization precursor 26 in 67 % yield. The cru-
cial cyclization into segment A-C-D (27) was carried out
under a variety of condensation conditions, which are com-
piled in Table 2. Under the EDC-HOAt-NMM (EDC=1-
[3-(dimethylamino)propyl]-3-ethylcarbodiimide  hydrochlo-
ride) and PyBOP-iPr,NEt? (PyBOP =benzotriazolyloxy-
tris(pyrrolidino)-phosphonium hexafluorophosphate) condi-
tions, the yield of isolated 27 was 49% in each case
(Table 2, entries 1 and 2). The DPPA-Pr,NEt*! (DPPA =
diphenylphosphoryl azide) conditions did not meet our de-
mands, being accompanied by decomposition (19 % yield of
27, Table 2, entry 3). After investigating a variety of reaction
conditions using 2-(1-oxy-7-azabenzotriazol-3-yl)-1,1,3,3-tet-
ramethylguanidium hexafluorophosphate (HATU)?! (i.e.,
base and solvent, Table 2, entries 4-8), we found that the
best conditions were 5.0 equiv of HATU and 5.0 equiv of

segment A (2)

\NH

segment A-C-D (27)

CIP, DMAP, iPr,NEt
CH,Cly, RT, 67%

“gePh  HATU, NMM

H< @)
Njﬁ\ )K(
H o CH,Cly RT, 79% /
H ~——  TMSEO
HOTBS --w<

1. Mg(ClOy),, acetonitrile, 40 °C
2. Et)NH-CH,Cl,, RT, 67% (2 steps)

SePh

1. EtNH-CH,Clp, RT

J\( "SgePh | 2.5, CIP, HOAL, iProNEt
NH, CH,Cly, 0 °C, 94% (2 steps)

segment D (5) o

C 25: R' = NHBpoc, R? = CO,Fm
26: R" = NH,, R? = CO,H

Scheme 3. Synthesis of segment A-C-D (27). HATU =2-(1-oxy-7-azabenzotriazol-3-yl)-1,1,3,3-tetramethylguanidium hexafluorophosphate.
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Completion of the Total Synthesis of Siomycin A

Table 2. A-ring cyclization.!”!

26 _—

segment A-C-D (27)

RT

Entry Reagents and solvent”! t [h] Yield [% ]!
1 EDC, HOAt, NMM, DMF 25 49

2 PyBOP, iPr,NEt, CH,Cl, 45 49

3 DPPA, iPr,NEt, CH,Cl, 45 191!

4 HATU, 2,4,6-collidine, CH,Cl, 24 46

5 HATU, iPr,NEt, CH,Cl, 2 58

6 HATU, NMM, CH,Cl, 24 79

7 HATU, NMM, DMF 25 45

8 HATU, NMM, THF 45 141

[a] EDC=1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide  hydrochlo-

ride, PyBOP =benzotriazolyloxy-tris(pyrrolidino)-phosphonium hexa-
fluorophosphate, DPPA =diphenylphosphoryl azide. [b] 5.0 equiv (for 26)
of each reagent and 1 mm (for 26) solvent were used. [c] Yield of isolated
product after silica-gel column chromatography. [d] Multispot on TLC.

NMM in CH,CI, at room temperature for 24 h, affording 27
in 79 % yield (Table 2, entry 6). The structure of 27 was con-
firmed by the mass spectrum and the 'H and “C NMR spec-
tra, including H-H COSY, HMQC, and HMBC.

Completion of the Total Synthesis of Siomycin A (1)

With segment A-C-D (27; A ring) in hand, we pursued the
final goal. The Boc group in 27 was deprotected with 4m

AN
N © "SePh
HN._.O

H
HOTBS ...<
A _NH

H  HCl-dioxane, RT

)
¢ o)
OTMSE slg)f'

CHEMISTRY
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HCl-dioxane to afford mono-tert-butyldimethylsilyl (TBS)
ether 28 along with a small amount of di-TBS ether 29
(Scheme 4). It is noted that these compounds must be treat-
ed as the HCI salt because the corresponding free amines
easily undergo O —N acyl-group migration at the segment
A-C junction. This crude mixture was coupled with segment
B (3)!%! using HATUP and iPr,NEt in CH,Cl,, giving 30
and its TBS ether 31 in 60% and 8% yields, respectively.
We first attempted selectively deprotecting one of the two
trimethylsilylethyl (TMSE) esters in 30. It was anticipated
that ZnCl,, which had been used as a deprotection reagent
for the 2-(trimethylsilyl)ethoxycarbonyl (Teoc) group,?”
would be applicable to the deprotection of the TMSE ester,
and additionally, the simultaneous deprotection of the Teoc
and acetonide groups would occur. However, under the con-
ditions of 100 equiv of ZnCl,—ether in nitromethane at room
temperature for 24 h, we could not realize this selective de-
protection; the dicarboxylic acid and a mixture of the mono-
carboxylic acids were nonselectively obtained, although the
Teoc and acetonide groups were smoothly cleaved.”! In the
total synthesis of thiostrepton, Nicolaou et al. also encoun-
tered the uncontrollable deprotection and B-ring cyclization
sequence (Figure 4).") Bis-methyl ester 33 was treated with
Me;SnOH in 1,2-dichloroethane to afford an inseparable
mixture (ca. 2:1) of monoacids (34 + 35) in 52% combined
yield, accompanied by a 14% yield of diacid 36 and 28 %

Q

HY 2
WS OH
o H
PhSe H HNA(N,
H ITH
o .

TESOHoTES
segment B (3)

H'NH,

HATU, iProNEt
CH,Cly, 0 °C
then RT

TBSO H
28: R = H (HCl salt)
29: R = TBS (HCl salt)

o) OTMSE s

87% from 30 X_ NTeoc e ~H
H™ = H'
o NH
l_r"}l o -
Ws o: WA TBSO™ “H
Phse H HN' ,
H 30: R =H (60% from 27)
[OJRY 31: R = TBS (8% from 27)

Scheme 4. Coupling of segment A-C-D (27) and segment B (3). DAST =diethylaminosulfur trifluoride.

Chem. Asian J. 2008, 3, 1013-1025

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1017

www.chemasianj.org





FULL PAPERS

o
SMOMe
=N

° NHAlloc

H ]
o)
H
3 oTBS OR?
¥ OH W
H NH H

(/)
(/)

oTBs OMe S
N3
" )
o

M. Nakata, K. Hashimoto et al.

o 0
SMOW S/YJ\OMe
=N =N

O

o)

NHAlloc NHAlloc

: s
Hl )
H OTj\~N
2 N "
SJ>/L OTBS\ "

WR?
H H HNH
JiINT o JiN o Jin
\e\(s N AN \e\(s N BN \e\( y N A
S H . H ’
TESO N N, S TESO N N, TESO N N, S
HOH H™ Hot
o) "o o
HO HO HO W
HoTBS HOTBS OTBS
33 34:R'=Me, R®=H,R®=N; 39
1_ 2 _ 3_
33 —= (34+35) + 36 + 33 3R = HZR Me, R™=Na
52%  14% 28% 3R =R=HR "‘és
34/35= 2:1 or 1:2 3R =Me, ? =R R =N,
38:R' = H, R? = Me, R® = NH,

L. (37 +38) — 39

32%

Figure 4. Uncontrollable deprotection and B-ring cyclization by the Nicolaou group. Alloc =allyloxycarbonyl.

yield of the starting material 33. Reduction of the azide
group in this mixture (34 + 35) with PMe;—H,O led to the
corresponding amino acids (37 + 38), which were cyclized
by HATU-HOAt-iP1,NEt to afford a single product 39 in
32% yield from acids 34 and 35. They claimed that the un-
desired 38 was unable to cyclize upon activation, being in-
stead consumed during the reaction through polymerization
or decomposition pathway.

We then turned our attention to the regioselective cycliza-
tion—elongation of the dicarboxylic acid. Prior to this, 30
was first treated with diethylaminosulfur trifluoride
(DAST)[M2) in CH,LCI, to give thiazoline 32 in 87 % yield
(Scheme 4). Deprotection of three kinds of protecting
groups (Teoc, acetonide, and TMSE) in 32 was cleanly real-
ized using 100 equiv of ZnCl,—ether™ in nitromethane at
room temperature for 48 h, thus producing the cyclization—
elongation precursor 40 (Scheme 5). The one-pot reaction
was carried out under the conditions shown in Table 3. First
(Table 3, entry 1), to a solution of 1.0 equiv of 40 in DMF
(1 mm) were added at 0°C EDC and HOAt. After 3h at
0°C, 5.0 equiv of segment E (6)!"! was added and the mix-
ture was stirred at room temperature for 24 h, affording the
crude products including 41 after removing the excess 6 by
Sephadex LH-20 eluted with CHCI;. Since the structure of
41 could not be confirmed at this stage, we further proceed-
ed to the two-step transformation into siomycin A. These
crude products were treated with HF-pyridine-THF
(1:4)803% to afford the crude products including 42, which
were finally subjected to oxidative elimination with 4Mm
TBHP-CH,Cl, (TBHP =tert-butyl hydroperoxide) in 1:5
TFE-CH,CI, (TFE =2,2,2-trifluoroethanol) at room temper-
ature for 1h,220203031 giving siomycin A (1) in only 1%
yield from 32, along with 4% yield of the regioisomeric cyc-
lization—elongation product 43 (Figure 5). The structure of
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43 was tentatively assigned on the basis of the 'H NMR and
MS spectra. We next examined the HATUP*—;Pr,NEt con-
ditions in several solvents, that is, DMF (Table 3, entry 2),
THF (Table 3, entry3), dioxane (Table3, entry4),
DMF-CH;CN (Table 3, entryS5), and 1:4 DMF-CH,Cl,
(Table 3, entry 6). The best conditions were entry 6, giving
siomycin A (1) and its isomer 43 in 7% and 8% yields, re-
spectively, from 32. The synthetic siomycin A was identical
to the natural siomycin A based on the '"H NMR, “C NMR,
IR, and MS spectra, TLC, and optical rotation. This four-
step sequence (32—1) consists of 14 chemical transforma-
tions (deprotection of seven protecting groups, B-ring cycli-
zation, elongation of segment E, Z-olefin formation, and ox-
idative dehydroselenation of four phenylselenoalanines);
therefore, the 7% overall yield of 1 from 32 corresponds to
an average of about 83 % yield. It is noteworthy that the
final two-step operation could not be reversed, in contrast
to Nicolaou’s thiostrepton synthesis,®®3" because it was
found that siomycin A gradually changed into siomycin B,
which is the side-chain degradation product of siomycin A,
under the HF-pyridine-THF (1:4) conditions (RT, during
24 h). In addition, when the model pentapeptide 44"°! was
subjected to the HF-pyridine-THF (1:4) conditions (RT,
4h), the Z olefin 45 was obtained in 70% yield as the sole
product (Scheme 6). The stereochemistry of 45 was con-
firmed by NOE analysis of the '"H NMR spectrum, and addi-
tionally, by transformation with triethylsilyl trifluorometha-
nesulfonate (TESOTf) and 2,6-lutidine into 46, which was
identical to the sample® derived from 44 by syn elimination
using TBHP. These facts indicate that the dehydroselenation
next to the thiazoline C2 position affords the thermodynam-
ically stable Z olefin by equilibration that originated from
the protonation of the nitrogen atom in the thiazoline ring,
and therefore, account for the Z selectivity from 41 to 42.

Chem. Asian J. 2008, 3, 1013 -1025
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SePh

“SePh
segment E (6)

HATU, iPrpNEt
DMF—-CH4Cly, 0 °C
then 6, RT

TBHP-CH,Cl,
TFE-CH,Cl,
RT, 7% from 32

Scheme 5. Completion of the total synthesis of siomycin A (1). TBHP =tert-butyl hydroperoxide, TFE =2,2 2-trifluoroethanol.

Table 3. One-pot cyclization—elongation of 40.
1. reagents and solvent

(0°C,3h)

2. segment E (6), RT, 24h

M = 1+43

Entry  Reagents!? Solvent®! Yield [%]™
1 43
1 EDC, HOAt, iPr,NEt DMF 1 4
2 HATU, iPr,NEt DMF 2 18
3 HATU, iPr,NEt THF 0 3
4 HATU, iPr,NEt dioxane 3 0
5 HATU, iPr,NEt 1:4 DMF-MeCN 4 8
6 HATU, iPr,NEt 1:4 DMF-CH,Cl, 7 8

[a] 5.0 equiv (for 40) of each reagent and 1 mm (for 40) solvent were
used. [b] Isolated yield (preparative TLC on silica gel) from 32 after con-

version of the crude products including 41 to siomycin A (1) and its
isomer 43 through further two steps.
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Figure 5. Structure of regioisomeric cyclization-elongation product 43.
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Scheme 6. Model studies for dehydroselenation.

Conclusions

We have succeeded in the total synthesis of siomycin A, a
representative compound of the thiostrepton family of pep-
tide antibiotics, by the coupling of the five practical synthet-
ic segments: the tetrasubstituted dehydropiperidine seg-
ment A (2), the pentapeptide segment B (3), the tetrasubsti-
tuted dihydroquinoline segment C (4), and the -phenylsele-
noalanine dipeptide segments D (5) and E (6). Because the
intramolecular epoxide-opening reaction with the amino
function for the synthesis of segment A-C-D (27) was a fail-
ure, segment A-C-D (27) was prepared by the condensation
(esterification) of segment A (2) with segment C (4), which
was derived from the epoxyquinoline derivative by the inter-
molecular epoxide opening with the L-valine derivative, fol-
lowed by the coupling (amidation) with segment D (5) and
cyclization (lactamization). The amidation of segment A-C-
D (27) with segment B (3) and thiazoline formation afford-
ed 32. After deprotection of the Teoc, acetonide, and TMSE
groups, the resulting diacid was subjected to a one-pot cycli-
zation—elongation (with segment E (6)), deprotection, and
oxidative elimination to furnish siomycin A (1).

Experimental Section

General

The melting points were determined on a micro-hot-stage Yanaco MP-S3
and were uncorrected. Optical rotations were measured on a JASCO
DIP-360 polarimeter. IR spectra were recorded on a JASCO FT IR-200
spectrometer. 'H and "C NMR spectra were measured on a JEOL GSX-
270 spectrometer, a JEOL LAMBDA 300 spectrometer, a Varian MER-
CURY plus 300 spectrometer, or a Bruker AV-600 spectrometer. Chemi-
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cal shifts of "HNMR spectra are expressed in ppm relative to TMS
(0 ppm) in CDCl; or to the solvent residual signal CDCl; (7.26 ppm),
CD;CN (1.94 ppm), 4:1 CDCL-CD;OD (7.38 ppm), or [Dg]THF
(3.57 ppm) as an internal standard unless otherwise noted. Chemical
shifts of "C NMR spectra are expressed in ppm relative to the solvent
signal in CDCl; (77.00 ppm), CD;CN (118.26 ppm), or [Dg]THF
(24.55 ppm) as an internal standard unless otherwise noted. Low- and
high-resolution mass spectra were recorded on a JEOL GCmate (EI and
FAB) and JEOL Accu TOF JMS-T100 LCS (ESI). Silica-gel TLC and
preparative TLC (PTLC) were performed on a Merck 60F-254. Silica-gel
column chromatography was performed on a Fuji-Davison PSQ100B.
Air- and/or moisture-sensitive reactions were carried out under an atmos-
phere of argon with oven-dried glassware. In general, the organic sol-
vents were purified and dried by appropriate procedures, and evapora-
tion and concentration were carried out under reduced pressure below
30°C.

Tripeptide 8: To a solution of amine 5 (416 mg, 6.41 x 10" mmol) in dry
CH,Cl, (6.4mL) at 0°C under Ar atmosphere were added iPr,NEt
(0.274 mL, 1.57 mmol), Bpoc-L-Val-OH (7)P (251 mg, 7.06 x 10~" mmol),
HOAt (105 mg, 7.71x10"" mmol), and CIP (215 mg, 7.71x 10~ mmol).
After stirring at room temperature for 3 h, the reaction mixture was
quenched with H,O (10 mL) and saturated aqueous NaHCO; (1 mL).
The mixture was extracted with CHCl; (10 mLx3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (30% AcOEt/hexane) to
afford tripeptide 8 (484 mg, 77 % from the NHBoc derivativel!! of 5) as a
colorless foam: R;=0.53 (40% AcOEt/hexane); [a]® —17.5 (¢ 1.00,
CHCL;); IR (KBr): #=3295, 3060, 2965, 1700, 1650, 1505, 1485, 1200,
1145, 1100, 1020, 760, 740, 695 cm™'; '"H NMR (CDCL,): 6 =7.81-7.68 (m,
2H, PhSe), 7.60-7.06 (m, 25H, Fm, biphenyl, and PhSe), 6.94 (brd, J=
7.2Hz, 1H, CONH), 6.64 (brd, /J=7.0 Hz, 1H, CONH), 5.20 (brd, /=
8.2 Hz, 1H, NHBpoc), 470 (m, 1H, PhSeAla H-a), 4.47 (m, 1H, PhSeA-
la H-a), 424 (dd, /=6.4, 9.8 Hz, 1H, Fm CH,), 4.12-3.96 (m, 2H, Fm
CH, and Fm H-9), 3.88 (m, 1H, Val H-a), 3.30-2.98 (m, 4H, PhSeAla H-
px4), 2.14 (m, 1H, Val H-B), 1.81 (s, 6H, Bpoc Mex2), 093 (d, J=
6.8 Hz, 3H, Val Me-B), 0.87 ppm (d, J=6.8 Hz, 3H, Val Me-$); “C NMR
(CDCly): 6=171.21, 169.55, 169.25, 155.14, 145.10, 143.29, 143.21, 141.25,
141.19, 140.68, 139.76, 133.64, 132.85, 129.28, 129.13, 128.67, 127.86,
127.63, 127.47, 127.16, 127.12, 127.04, 124.98, 124.92, 124.65, 120.00, 81.31,
67.26, 59.91, 52.74, 52.54, 46.42, 30.66, 29.10, 28.95, 19.33, 17.47 ppm;
HRMS (ESI): m/z [M+Na]* calcd for Cs;Hs;N;NaO*Se,: 1010.2163;
found: 1010.2155.

Model A-D (11): To a solution of 8 (83.3 mg, 8.45x 10~ mmol) in CH,Cl,
(0.42mL) at 0°C was added HNEt, (0.42 mL). The reaction mixture was
stirred at room temperature for 1.5 h and then evaporated. The residue
was chromatographed on silica gel (30 %-50 % acetone/hexane) to afford
carboxylic acid 9 (64.7 mg, 95%) as a colorless foam. On the other hand,
segment A (2; 21.3 mg, 1.90x 107> mmol) was dissolved in 0.5% TFA-
CH,Cl, (0.190 mL) at 0°C. After stirring at room temperature for 30 min,
the reaction mixture was evaporated. To the residue was added H,O
(I mL) and this was washed with hexane (1 mLx3). The aqueous layer
was basified with saturated aqueous NaHCO; and the mixture was ex-
tracted with AcOEt (1 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (40% acetone/hexane) to afford amine 10
(152 mg, 91%) as a yellow foam. To a solution of amine 10 (17.9 mg,
2.03x 1072 mmol), carboxylic acid 9 (19.7 mg, 2.44x10>mmol), and
NMM (0.0030 mL, 2.7 x 10~ mmol) in MeOH (0.2 mL) at room tempera-
ture was added DMTMM (6.8 mg, 2.5x 107> mmol). After stirring at
room temperature for 2 h, the reaction mixture was quenched with H,O
(1 mL) and the mixture was extracted with AcOEt (2 mL x3). The com-
bined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50%
AcOEt/hexane) to afford 11 (25.4 mg, 75% from 10) as a yellow foam:
R;=0.87 (100% AcOE); [«]5 —13.3 (c 1.00, CHCL,); IR (KBr): #=3315,
2955, 1715, 1500, 1365, 1250, 1175, 1100, 1020, 935, 840, 765, 740,
695 cm™'; '"H NMR (CDCl;): 6=8.14 (s, 1 H, thiazole H-5), 8.04 (brs, 1H,
piperidine 5-NHCO), 7.85 (s, 1H, thiazole H-5), 7.60-7.11 (m, 20H, bi-
phenyl, PhSe x2, and Ala CONH), 7.10-7.00 (m, 1H, PhSeAla CONH),
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6.80-6.68 (m, 1H, PhSeAla CONH), 6.76 (s, 1H, thiazole H-5), 5.85
(brd, /=82 Hz, 1H, BocNH), 5.43 (brs, 1H, piperidine H-6), 5.27-5.06
(m, 1H, BpocNH), 4.88 (brd, J=8.8 Hz, 1H, Thr H-u), 4.67-4.55 (m,
1H, Thr H-p), 4.52-4.27 (m, SH, PhSeAla H-a, CH,CH,SiMe; x 2), 4.27—
4.09 (m, 2H, PhSeAla H-a and Ala H-a), 3.81-3.68 (m, 1H, Val H-a),
3.56-3.42 (m, 1H, piperidine H-4), 3.36-2.66 (m, 7H, piperidine H-4 and
H-3x2, and PhSeAla H-fx4), 2.20-2.03 (m, 1H, Val H-B), 1.95 (brs, 1 H,
OH), 1.81 (s, 3H, Bpoc Me), 1.78 (s, 3H, Bpoc Me), 1.48 (s, 9H, Boc),
1.31-1.20 (m, 6H, Ala Me-a and Thr Me-f), 1.20-1.08 (m, 4H,
CH,CH,SiMe;x2), 0.93 (d, 3H, J=6.4 Hz, Val Me-B), 0.89 (d, 3H, J=
6.4Hz, Val Me-p), 0.08 (s, 9H, CH,CH,SiMe,), 0.06 ppm (s, 9H,
CH,CH,SiMe;); C NMR(CDCl;): 6=175.02, 172.01, 171.92, 170.12,
169.68, 169.32, 162.97, 161.45, 161.40, 155.76, 152.32, 148.00, 147.03,
144.66, 140.40, 139.97, 132.99, 132.73, 130.20, 129.52, 129.24, 128.73,
128.34, 127.86, 127.67, 127.37, 127.29, 127.07, 126.97, 124.64, 118.22, 82.05,
80.13, 68.33, 66.47, 63.76, 63.49, 60.80, 59.94, 57.79, 53.69, 53.13, 50.30,
49.89, 30.02, 29.25, 28.79, 28.34, 26.98, 24.67, 22.09, 20.10, 19.28, 18.27,
17.76, 1739, —1.47 ppm; HRMS (ESI): m/z [M+Na]* caled for
CreHosN ,NaO58,%Se,Si,: 1693.4244; found: 1693.4239.

Model A-C-D (13): To a solution of 11 (32.2 mg, 1.93x 10~ mmol), 12
(20.1 mg, 5.78x10>mmol), DMAP (14.1 mg, 1.15x107' mmol), and
iPr,NEt (0.0200 mL, 1.15x 10" mmol) in CH,Cl, (0.2 mL) at room tem-
perature under Ar atmosphere was added CIP (16.1mg, 5.78x
1072 mmol). After stirring at room temperature for 1 h, the reaction mix-
ture was quenched with H,O (1 mL). The mixture was extracted with
CHCl; (1mLx1) and AcOEt (1 mLx2). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated. The residue
was chromatographed on silica gel (20% AcOEt/CHCL,;) to afford ester
13 (32.4 mg, 84% from 11) as a yellow foam: R;=0.57 (45% AcOEt/
CHCL); [a]f —11.6 (¢ 1.00, CHCL); IR (KBr): #=2955, 2855, 1720,
1500, 1365, 1300, 1255, 1160, 1100, 1040, 970, 935, 840, 780 cm™';
"HNMR (CD;CN, 50°C): 6 =8.25 (s, 1 H, quinoline H-3 or thiazole H-5),
8.15 (s, 1H, quinoline H-3 or thiazole H-5), 7.91 (brs, 1 H, piperidine 5-
NHCO), 7.70-7.03 (m, 24 H, biphenyl, PhSe x2, quinoline H-5, CONH x
3, and quinoline H-3 or thiazole H-5), 7.09 (s, 1H, thiazole H-5), 6.73
(dd, J=3.8, 10.0Hz, 1H, quinoline H-6), 6.24 (brd, J=88Hz, 1H,
NHBoc), 5.87-5.67 (m, 1H, NHBpoc), 5.72 (dq, J=3.8, 6.2 Hz, 1H, Thr
H-p), 5.56 (brs, 1H, piperidine H-6), 5.31 (q, /J=6.2 Hz, 1H, CH;CH-
(OTBS)), 5.25 (dd, J=3.8, 8.8 Hz, 1H, Thr H-a), 4.62 (d, J=3.8 Hz, 1H,
quinoline H-8), 4.52-4.26 (m, 6H, PhSeAla H-ax2 and Me;SiCH,CH, x
2), 4.14 (ddd, J=1.6, 3.8, 3.8 Hz, 1H, quinoline H-7), 4.04 (dq, /=6.4,
6.4 Hz, 1H, Ala H-a), 3.84 (brs, 1H, Val H-a), 3.40-2.78 (m, 7H, PhSe-
Ala H-p x2, piperidine H-3 and H-4), 2.57 (m, 1H, piperidine H-3 or H-
4), 2.06 (m, 1H, Val H-f), 1.75 (s, 3H, Bpoc CH;), 1.74 (s, 3H, Bpoc
CH,), 1.48-1.39 (m, 3H, Thr H-B), 1.43 (s, 9H, Boc), 1.36 (d, J=6.2 Hz,
3H, CH;CH(OTBS)), 1.19 (d, J=6.4, 3H, Ala Me-a), 1.16-1.00 (m, 4H,
Me;SiCH,CH, x2), 0.98-0.86 (m, 6H, Val Me-fx2), 0.93 (s, 9H, rBu-
Me,Si), 0.09 and 0.05 (each s, 21H, Me;SiCH,CH,x2 and BuMe,Si),
—0.04 ppm (s, 3H, BuMe,Si); "CNMR (CD;CN, 50°C): 6=176.62,
173.68, 173.43, 171.58, 171.26, 170.66, 164.48, 163.95, 162.19, 162.09,
156.74, 154.52, 154.39, 153.65, 149.15, 147.77, 147.13, 146.92, 141.60,
140.49, 133.70, 133.35, 131.58, 131.26, 131.14, 130.65, 130.51, 130.30,
129.97, 128.71, 128.46, 128.10, 127.98, 127.81, 127.57, 126.13, 126.08,
123.99, 120.00, 82.02, 81.11, 74.78, 68.40, 66.58, 64.37, 64.06, 61.78, 60.49,
59.28, 59.10, 58.33, 54.95, 54.33, 54.24, 52.19, 31.53, 30.44, 29.88, 29.54,
29.44, 29.17, 28.82, 28.62, 26.48, 26.44, 26.28, 25.81, 19.84, 18.93, 18.39,
18.17, 18.14, 18.05, 17.73, —1.22, —1.23, —4.35, —4.49 ppm; HRMS (ESI):
m/z [M+Na]* caled for CyH;yN;NaO,S;*Se,Siy: 2022.5691; found:
2022.5674.

Compound A-C (24): To a solution of segment A (2; 25.0 mg, 2.24x
102 mmol), segment C (4; 141mg, 1.86x10~>mmol), iPr,NEt
(0.0080 mL, 4.6 x 10> mmol), and DMAP (1.1 mg, 9.0x 10~* mmol) in dry
CH,Cl, (0.2 mL) at 0°C under Ar atmosphere was added CIP (6.2 mg,
2.2x 1072 mmol). After stirring at room temperature for 10 min, the reac-
tion mixture was quenched with H,O (1 mL) and the mixture was ex-
tracted with CHCIl; (1 mLx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (30% AcOEt/hexane) to afford 24 (23.2 mg,
67%) as a yellow foam: R;=0.40 (30% AcOEt/hexane); [a]5 —15.1 (¢
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1.00, CHCLy); IR (KBr): 7#=2955, 2860, 1725, 1490, 1365, 1250, 1100, 840,
780, 700 cm™'; "H NMR ([D¢]DMSO, 50°C): 6 =8.51 (s, 1 H, quinoline H-
3 or thiazole H-5), 8.47 (s, 1 H, piperidin 5-NHCO), 8.09 (s, 1H, quinoline
H-3 or thiazole H-5), 7.83 (m, 2H, Ph), 7.70-7.20 (m, 19H, quinoline H-3
or thiazole H-5, thiazole H-5, Fm, biphenyl, NHBpoc, and NHBoc), 6.87
(d, J=9.8 Hz, 1 H, quinoline H-5), 6.12 (dd, /=3.8, 9.8 Hz, 1 H, quinoline
H-6), 5.59 (m, 1H, Thr H-f), 5.47 (brs, 1H, piperidine H-6), 522 (q, /=
6.4 Hz, 1H, CH(CH;)OTBS), 5.13 (m, 1H, Thr-a), 4.67 (d, /J=6.0 Hz,
1H, quinoline H-8), 4.56 (d, /J=6.0 Hz, 2H, Fm CH,), 4.46—4.18 (m, 5H,
Me;SiCH,CH, x2 and Fm H-9), 3.78 (m, 1H, Ala H-a), 3.37 (m, 1H,
quinoline H-7), 3.32 (m, 1H, piperidine H-4), 3.10-2.76 (m, 2H, piperi-
dine H-3), 3.02 (m, 1H, Val H-a), 2.55 (m, 1H, piperidine H-4), 1.68-
1.45 (m, 1H, Val H-), 1.54 and 1.52 (each s, 6H, Bpoc Me x2), 1.42-1.17
(m, 9H, Thr Me-f3, Ala Me-a, and CH(CH;)OTBS), 1.34 (brs, 9H, Boc),
1.14-0.96 (m, 4H, Me;SiCH,CH, x2), 0.86 (s, 9H, SiMe,Bu), 0.79 (s, 9H,
SiMe,tBu), 0.68 (d, /J=6.4 Hz, 3H, Val Me-f), 0.62 (d, J=6.4 Hz, 3H,
Val Me-f3), 0.07 and 0.03 (each s, 24 H, Me,SiCH,CH, x2 and SiMe,/Bu x
2), —0.03 (s, 3H, SiMe,tBu), —0.08 ppm (s, 3H, SiMe,/Bu); *C NMR
([D]DMSO, 50°C): 6=175.02, 173.70, 172.88, 168.77, 163.25, 162.09,
160.47, 160.36, 156.21, 151.99, 150.05, 146.84, 145.60, 145.56, 144.48,
143.47, 143.40, 140.64, 139.76, 138.27, 132.15, 131.19, 128.60, 127.92,
127.36, 127.02, 126.82, 126.74, 126.49, 126.31, 126.06, 124.60, 121.62,
121.49, 119.79, 119.76, 119.25, 79.84, 78.79, 73.98, 72.22, 66.38, 65.31,
64.89, 63.08, 62.65, 62.35, 58.85, 56.28, 55.67, 51.35, 46.38, 30.74, 30.39,
29.40, 27.84, 25.52, 25.44, 25.21, 18.65, 17.81, 17.76, 17.53, 16.97, 16.77,
—1.65, —1.69, —4.42, —5.06, —5.26, —5.34 ppm; HRMS (FAB): m/z [M +
H]* caled for CosH,py CN,yO45S5Si,: 1879.7779; found: 1879.7780.

Compound A-C-D (25): To a solution of 24 (20.6 mg, 1.11 x 10~ mmol)
in CH,Cl, (0.55mL) at 0°C was added Et,NH (0.55mL). The reaction
mixture was stirred at room temperature for 1 h and then evaporated.
The residue was chromatographed on silica gel (30 % acetone/hexane) to
afford carboxylic acid (18.6 mg, quantitative yield) as a yellow foam. To a
solution of this carboxylic acid (18.6 mg, 1.11x1072 mmol), segment D
(5; 8.6 mg, 1.33x 1072 mmol), iPr,NEt (0.0050 mL, 2.9x 107> mmol), and
HOAt (1.8 mg, 1.3x107> mmol) in dry CH,Cl, (0.11 mL) at 0°C under
Ar atmosphere was added CIP (3.7 mg, 1.3x107> mmol). The reaction
mixture was stirred at 0°C for 0.5h and then at room temperature for
0.5 h. The mixture was quenched with H,O (1 mL) and saturated aqueous
NaHCO; (0.1 mL), and the mixture was extracted with CHCI; (1 mL x 3).
The combined extracts were dried over Na,SO,, filtered through celite,
and evaporated. The residue was chromatographed on silica gel (40%
AcOEt/hexane) to afford 25 (24.0 mg, 94%) as a yellow foam: R;=0.69
(50% AcOEt/hexane); [a]% —29.0 (¢ 1.00, CHCL); IR (KBr): #=2955,
2860, 1720, 1500, 1365, 1250, 1220, 1100, 930, 840, 780, 760, 740, 700 cm™';
'"HNMR ([D¢]DMSO, 50°C): 6=8.62 (d, J=7.4Hz, 1H, PhSeAla
CONH), 8.52 (s, 1 H, quinoline H-3 or thiazole H-5), 8.48 (brs, 1 H, piper-
idine 5-NHCO), 832 (d, /=84 Hz, 1H, PhSeAla CONH), 8.28 (s, 1H,
quinoline H-3 or thiazole H-5), 8.10 (s, 1 H, quinoline H-3 or thiazole H-
5), 7.91-7.80 (m, 3H, PhSe), 7.68-7.12 (m, 27H, NHBpoc, NHBoc, bi-
phenyl, Fm, PhSe x2 and thiazole H-5), 6.91 (d, /=10.2 Hz, 1H, quino-
line H-5), 6.40 (dd, J=4.0, 10.2 Hz, 1 H, quinoline H-6), 5.60 (m, 1H, Thr
H-B), 547 (brs, 1H, piperidine H-6), 522 (q, /J=62Hz, 1H, CH-
(CH,)OTBS), 5.14 (m, 1H, Thr H-q), 4.77-4.63 (m, 1H, PhSeAla H-a),
4.68 (d, J=5.8 Hz, 1H, quinoline H-8), 4.50-4.25 (m, 7H, PhSeAla H-a,
Fm CH,, and Me;SiCH,CH, x2), 4.20 (dd, /=6.2, 6.2 Hz, 1H, Fm H-9),
3.78 (m, 1H, Ala H-a), 3.57 (m, 1H, quinoline H-7), 3.31-3.16 (m, 1H,
PhSeAla H-B), 3.14-2.78 (m, 6 H, PhSeAla H- x3, Val H-a, and (piperi-
dine H-3 or H-4) x2), 2.57 (m, 1H, piperidine H-3 or H-4), 2.23 (m, 1H,
piperidine H-3 or H-4), 1.62 (m, 1H, Val H-f), 1.54 (s, 3H, Bpoc Me),
1.52 (s, 3H, Bpoc Me), 1.40-1.21 (m, 9H, CH(CH;)OTBS, Ala Me, and
Thr Me-f), 1.34 (brs, 9H, Boc), 1.16-0.94 (m, 4H, Me;SiCH,CH, x2),
0.84 (s, 9H, SiMe,tBu), 0.82-0.71 (m, 6H, Val Me-fx2), 0.77 (s, 9H, Si-
Me,tBu), 0.07 and 0.04 (each s, 24H, Me,;SiCH,CH, x2 and SiMe,/Bux
2), —0.04 (s, 3H, SiMe,tBu), —0.11 ppm (s, 3H, SiMe,/Bu); “C NMR
([Dg]DMSO, 50°C): 6=175.05, 173.22, 172.89, 170.03, 169.74, 168.77,
163.30, 162.10, 160.49, 160.34, 156.35, 151.97, 149.93, 146.84, 145.62,
144.50, 143.28, 143.17, 140.60, 140.55, 139.76, 138.28, 131.92, 131.85,
131.80, 131.19, 129.78, 129.02, 128.94, 128.83, 128.60, 127.49, 127.02,
126.88, 126.64, 126.56, 126.33, 126.08, 124.86, 124.80, 124.60, 121.59,
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121.06, 119.86, 119.27, 79.82, 78.79, 74.39, 72.17, 66.35, 65.97, 63.60, 62.65,
62.35, 62.29, 58.86, 55.85, 52.19, 52.14, 51.74, 51.35, 46.15, 31.06, 29.62,
29.40, 27.86, 27.26, 26.57, 25.55, 25.44, 25.19, 24.16, 19.22, 18.51, 17.77,
17.53, 17.08, 16.98, 16.77, —1.64, —1.69, —4.40, —5.11, —5.24, —5.32 ppm;
LRMS (MALDI): m/z [M+Na]* caled for C,;,;H,;;N;;NaO,S;¥Se, Si,:
2332.7; found: 2332.9; HRMS (ESI): m/z [M+Na]* caled for
Cp1H,N NaO,,S:5Se, Siy: 2332.7444; found: 2332.7452.

Amino acid A-C-D (26): To a solution of 25 (221 mg, 9.57 x10~> mmol)
in dry CH;CN (1.5 mL) under Ar atmosphere was added Mg(ClO,),
(107 mg, 4.49x 10" mmol). After stirring at 40°C for 5.5 h, the reaction
mixture was quenched with H,O (3.0mL) and saturated aqueous
NaHCO; (0.5 mL), and the mixture was extracted with AcOEt (4 mL x
3). The combined extracts were dried over Na,SO,, filtered through
celite, and evaporated to afford the crude amine as a yellow foam. To a
solution of this crude amine in CH,Cl, (1.4 mL) at 0°C was added Et,NH
(0.15mL). The reaction mixture was stirred at room temperature for
2.5h and then evaporated. The residue was chromatographed on silica
gel (100% AcOEt, 5% MeOH/CHCL) to afford 26 (122 mg, 67 %) as a
yellow foam: R;=0.36 (5% MeOH/CHCL); [a]3 —33.8 (c 1.00, CHCL);
IR (KBr): #=2955, 2860, 2360, 1720, 1500, 1370, 1250, 1220, 1100, 935,
840, 780, 740, 695 cm™'; '"H NMR ([D,]DMSO, 80°C): 6=8.47 (s, 1H,
quinoline H-3 or thiazole H-5), 8.22 (brd, /J=8.0Hz, 1H, PhSeAla
CONH), 8.16-8.10 (m, 2H, PhSeAla CONH and piperidine 5-NHCO),
8.09 (s, 1H, quinoline H-3 or thiazole H-5), 7.98 (s, 1 H, quinoline H-3 or
thiazole H-5), 7.54-7.39 (m, 4H, PhSe), 7.32-7.17 (m, 7H, thiazole H-5
and PhSe), 7.04 (brd, /=8.0 Hz, 1H, NHBoc), 6.87 (d, /=9.8 Hz, 1H,
quinoline H-5), 6.41 (dd, /J=4.4, 9.8 Hz, 1H, quinoline H-6), 5.60 (m,
1H, Thr H-B), 5.53 (brs, 1H, piperidine H-6), 5.24 (q, J=6.2Hz, 1H,
CH(CH;)OTBS), 5.16 (dd, J=6.0, 8.0 Hz, 1H, Thr H-a), 4.69 (d, J=
5.2 Hz, 1H, quinoline H-8), 4.76-4.58 (m, 1H, PhSeAla H-a), 4.48-4.27
(m, 5H, PhSeAla H-a and Me;SiCH,CH, x2), 3.58 (m, 1H, quinoline H-
7), 3.46 (q, J=6.8 Hz, 1H, Ala H-a), 3.39-2.80 (m, 8H, PhSeAla H- x2,
Val H-a, piperidine H-3 and H-4), 2.69-2.55 (m, 1H, piperidine H-3 or
H-4), 1.69 (m, 1H, Val H-f), 1.42-1.23 (m, 6H, Thr H-y and CH-
(CH;)OTBS), 1.37 (brs, 9H, Boc), 1.20 (d, J=6.8 Hz, 3H, Ala Me-f),
1.16-1.00 (m, 4H, Me;SiCH,CH, x2), 0.87 (s, 9H, SiMe,/Bu), 0.84-0.72
(m, 6H, Val Me-fx2), 0.78 (s, 9H, SiMe,tBu), 0.09 and 0.06 (each s,
24H, Me,;SiCH,CH,x2 and SiMe,Bux2), —0.05 (s, 3H, SiMe,Bu),
—0.07 ppm (s, 3H, SiMe,tBu); *C NMR ([D{]DMSO, 80°C): §=174.92,
174.46, 173.10, 170.89, 169.49, 169.07, 168.65, 163.10, 162.03, 160.28,
156.05, 154.43, 151.93, 149.82, 146.79, 145.58, 144.46, 133.01, 131.74,
131.53, 130.85, 129.93, 129.71, 128.69, 128.64, 127.60, 126.37, 126.33,
121.25, 120.78, 118.78, 78.80, 74.22, 71.78, 65.99, 65.31, 63.67, 62.45, 62.15,
58.63, 55.78, 52.53, 52.08, 49.99, 30.86, 29.51, 28.63, 27.72, 26.41, 25.38,
25.33, 25.28, 24.98, 24.27, 19.76, 19.05, 18.13, 17.53, 17.35, 16.65, 16.32,
—1.83, —1.86, —4.63, —5.25, —5.49 ppm; LRMS (MALDI): m/z [M+
Na]* caled for CgH »;N;;NaO,5S;*'Se,Siy: 1916.6; found: 1916.5; HRMS:
(ESI) m/z [M+Na]* caled for CgH,»N;NaO;5S;*'Se,Siy: 1916.5667;
found: 1916.5691.

Segment A-C-D (27): To a solution of 26 (122 mg, 6.44x 107> mmol) and
NMM (0.0354 mL, 3.22x 10~ mmol) in CH,Cl, (64 mL) at 0°C under Ar
atmosphere was added HATU (122 mg, 3.21x 107" mmol). After stirring
at room temperature for 24 h, the reaction mixture was quenched with
H,O0 (30 mL) and the mixture was extracted with CHCl; (30 mL x 3). The
combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50%
AcOEt/hexane) to afford segment A-C-D (27; 95.5 mg, 79 %) as a yellow
foam: R;=0.49 (50% AcOEt/hexane); [a]] —85.2 (¢ 1.00, CHCL); IR
(KBr): 7=2955, 2895, 2860, 2360, 1720, 1500, 1480, 1405, 1255, 1220,
1095, 840, 780, 695 cm™'; 'H NMR (CD;0D, 40°C): 6=8.28 (s, 1 H, quin-
oline H-3), 8.26 (s, 1H, thiazole H-5), 7.94 (s, 1H, thiazole H-5), 7.53—
7.40 (m, 4H, PhSe), 7.30-7.12 (m, 6H, PhSe), 7.27 (s, 1H, thiazole H-5),
6.89 (d, /=10.0 Hz, 1H, quinoline H-5), 6.40 (dd, J=5.4, 10.0 Hz, 1H,
quinoline H-6), 5.85 (m, 1H, Thr H-B), 5.52 (brs, 1H, piperidine H-6),
5.31 (q, J=62Hz, 1H, CH(CH;)OTBS), 521 (m, 1H, Thr H-a), 4.94
(brs, 1H, quinoline H-8), 4.74-4.60 (m, 2H, PhSeAla H-a x2), 4.52-4.33
(m, 4H, Me;SiCH,CH, x2), 420 (q, /=7.0 Hz, 1H, Ala H-a), 3.52-2.68
(m, 9H, PhSeAla H-, piperidine H-3, H-4, and Val H-0), 3.38 (dd, /=
1.2, 54 Hz, 1H, quinoline H-7), 2.01 (brs, 1H, Val H-f), 1.40 (d, /=
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6.2 Hz, 3H, CH(CH,)OTBS), 1.40 (d, /=6.2 Hz, 3H, Thr Me-f), 1.33 (s,
9H, Boc), 130 (d, J=7.0Hz, 3H, Ala Me), 1.20-1.04 (m, 4H,
Me;SiCH,CH,), 0.98 (d, /=7.0Hz, 3H, Val Me-f), 0.95 (s, 9H, Si-
Me,¢Bu), 0.81 (d, /=6.8 Hz, 3H, Val Me-), 0.69 (s, 9H, SiMe,Bu), 0.10
and 0.08 (each s, 24 H, Me;SiCH,CH, x2 and SiMe,fBux2), —0.01 (s, 3H,
SiMe,fBu), —0.30 ppm (s, 3H, SiMe,/Bu); *C NMR (CD;0D, 40°C): 6 =
176.55, 176.34, 175.14, 172.43, 171.13, 170.75, 165.85, 164.55, 162.84,
156.91, 156.85, 153.77, 152.49, 149.01, 148.05, 146.55, 134.21, 133.89,
132.36, 132.02, 131.60, 130.28, 130.20, 128.92, 128.44, 128.21, 128.09,
123.74, 122.94, 120.98, 81.55, 74.02, 73.08, 68.45, 67.77, 67.68, 67.29, 64.71,
64.59, 61.46, 61.29, 54.95, 52.63, 32.78, 30.40, 28.94, 28.85, 28.15, 26.44,
26.24, 25.95, 19.83, 19.10, 18.86, 18.29, 18.16, 17.98, —1.36, —1.41, —3.98,
—4.15, —4.58, —4.65 ppm; LRMS (MALDI): m/z [M+Na]* caled for
CgH;5N,;O,NaS;*Se,Si,: 1898.6; found: 1898.5; HRMS (ESI): m/z
[M+Na]* caled for CgH;y,N;;NaO,,S;¥Se,Si,: 1898.5562; found:
1898.5578.

Compound A-B-C-D (30) and its TBS ether 31: Segment A-C-D (27,
110 mg, 0.0587 mmol) was dissolved in 4.0m HCI in dioxane (1.2 mL).
After stirring at room temperature for 25 min, the reaction mixture was
evaporated to afford a mixture of 28 and 29. To a solution of this mixture
in dry CH,CL, (1.8 mL) at 0°C under Ar atmosphere were successively
added iPr,NEt (0.0511mL, 0.293 mmol), segment B (3; 64.7 mg,
0.0586 mmol), and HATU (22.3 mg, 0.0586 mmol). The reaction mixture
was stirred at 0°C for 0.5 h and at room temperature for 6 h. The reac-
tion mixture was quenched with H,O (3 mL) and extracted with CHC,
(4mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated. The residue was chromatographed on
silica gel (50% AcOEt/hexane) to afford 30 (95.9 mg, 60%) as a pale
yellow foam and 31 (13.2mg, 8%) as a pale yellow foam. 30: R;=0.27
(50% AcOEt/hexane); [a]? —16.6 (¢ 1.00, CHCL;); IR (KBr): #=3340,
2955, 2880, 1680, 1500, 1415, 1345, 1250, 1210, 1120, 1095, 940, 860, 840,
740, 695 cm™'; 'TH NMR (CD;CN, 50°C): 6=8.87 (brs, 1H), 8.25 (brd,
J=6.8Hz, 1H), 8.13 (s, 1H), 8.04 (s, 1H), 8.02 (s, 1H), 7.98 (brs, 1H),
7.89 (s, 1H), 7.73 (brd, J=6.4 Hz, 1H), 7.65 (brd, /J=8.5 Hz, 1H), 7.60—
7.37 (m, 7H), 7.33-7.02 (m, 11H), 7.16 (s, 1H), 6.77 (d, /=9.8 Hz, 1H),
6.36 (dd, /=6.0, 9.8 Hz, 1H), 5.89 (brs, 1H), 5.66-5.48 (m, 1H), 5.55
(brs, 1H), 5.32 (d, J=8.5Hz, 1H), 5.14 (dq, /=4.4, 6.2 Hz, 1H), 5.06 (m,
1H), 4.89 (brs, 1H), 4.76 (m, 1H), 4.73 (brs, 1H), 4.51 (m, 1H), 4.46—
4.26 (m, 4H), 4.24-3.96 (m, 6H), 3.96-3.76 (m, 3H), 3.76-3.64 (m, 2H),
3.40-3.13 (m, 3H), 3.28 (d, /=6.0 Hz, 1H), 3.13-2.90 (m, SH), 2.62-2.47
(m, 1H), 2.16-2.00 (m, 1H), 1.57 (s, 3H), 1.53 (s, 3H), 1.43 (d, /=6.2 Hz,
3H), 1.38-1.24 (m, 9H), 1.21-1.00 (m, 15H), 0.98-0.78 (m, 21 H), 0.76—
0.50 (m, 15H), 0.66 (s, 9H), 0.07, 0.03, and —0.02 (each s, 30H),
—0.27 ppm (s, 3H); *C NMR (CD;CN, 50°C): §=202.93, 176.32, 174.72,
173.89, 171.65, 171.37, 170.77, 170.55, 169.84, 165.67, 163.94, 162.22,
162.08, 156.34, 153.41, 152.50, 149.33, 149.21, 147.98, 146.78, 135.68,
133.72, 133.57, 132.28, 131.80, 130.85, 130.44, 130.39, 130.17, 129.13,
128.93, 128.32, 128.22, 127.93, 122.89, 122.65, 121.18, 95.98, 80.22, 75.54,
74.59, 73.44, 72.87, 68.87, 68.32, 67.14, 65.72, 64.40, 64.23, 62.14, 61.42,
60.85, 57.49, 54.53, 53.49, 51.81, 43.20, 32.51, 30.84, 29.77, 28.64, 27.85,
26.40, 25.71, 25.38, 20.50, 20.12, 18.89, 18.69, 18.56, 18.26, 18.21, 17.92,
7.83,7.67, 625, —1.14, —1.17, —=3.68, —3.97 ppm; HRMS (ESI): m/z [M +
Na]* calcd for Cp,0H,7sN¢NaO,;Ss*'Se;Sis: 2769.7965; found: 2769.7969.
31: R;=0.50 (50% AcOEt/hexane); 'HNMR (CD;CN, 50°C): 6=8.80
(m, 1H), 8.16 (brs, 2H), 8.05-7.93 (m, 1H), 8.00 (brs, 2H), 7.93-7.82 (m,
1H), 7.68-7.40 (m, 8H), 7.37-7.17 (m, 12H), 7.08 (brs, 1H), 6.84 (brd,
J=9.8Hz, 1H), 6.42 ( brdd, /=54, 9.8 Hz, 1H), 5.76 (dd, J=7.0, 7.5 Hz,
1H), 5.62 (brq, J=7.0 Hz, 1H), 5.58 (m, 1H), 5.34 (brd, /=8.4 Hz, 1H),
5.26 (q, /J=6.5Hz, 1H), 5.05-4.91 (m, 1H), 491-4.73 (m, 4H), 4.55 (m,
1H), 4.48-4.30 (m, SH), 4.22-3.67 (m, 7H), 3.66 (m, 1H), 2.96-2.38 (m,
9H), 2.64-2.46 (m, 1H), 2.10-1.84 (m, 1H), 1.59 (s, 3H), 1.56 (s, 3H),
1.43-0.82 (m, 48H), 0.92 (s, 9H), 0.79 (d, /=6.8 Hz, 3H), 0.70-0.51 (m,
12H), 0.63 (s, 9H), 0.10, 0.06, and —0.01 (each s, 36H), —0.32 (s, 3H).

Thiazoline 32: To a solution of 30 (16.3 mg, 0.00593 mmol) in dry CH,Cl,
(0.5 mL) at —78°C under Ar atmosphere was added 0.076 M DAST in dry
CH,Cl, (0.125 mL, 0.00950 mmol). The reaction mixture was stirred at
—78°C for 1 h and then at 0°C for 1 h. The mixture was quenched with
saturated aqueous NaHCO; (1 mL) and the mixture was extracted with
CHCI; (1 mLx3). The combined extracts were dried over Na,SO,, fil-
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Completion of the Total Synthesis of Siomycin A

tered through celite, and evaporated. The residue was chromatographed
on silica gel (45% AcOEt/hexane) to afford thiazoline 32 (14.1 mg,
87%) as a yellow foam: R;=027 (50% AcOEt/hexane); 'HNMR
(CDCly): =827 (brd, J=7.2 Hz, 1H), 8.15 (brs, 1H), 8.10 (s, 1H), 8.01
(brs, 1H), 791 (d, /=8.8Hz, 1H), 7.76-7.65 (m, 2H), 7.64-7.10 (m,
19H), 6.97 (brs, 1H), 6.75 (d, /=10.0 Hz, 1H), 6.70 (m, 1H), 6.28 (dd,
J=6.0,10.0 Hz, 1H), 5.88 (m, 1H), 5.81-5.60 (m, 1H), 5.48 (d, /=8.8 Hz,
1H), 5.24-5.07 (m, 1H), 5.11 (brdd, /=54, 6.8 Hz, 1H), 5.02 (dd, /=
10.2, 102 Hz, 1H), 471 (m, 1H), 4.63 (brs, 1H), 4.54-4.01 (m, 9H),
3.98-3.67 (m, 3H), 3.58-2.90 (m, 11H), 2.72 (m, 1H), 2.36 (brs, 1H, Val-
B), 1.65 (brs, 3H, IP), 1.60 (brs, 3H, IP), 1.56 (d, J=6.0 Hz, 3H), 1.50 (d,
J=70Hz, 3H), 141 (d, /J=6.0Hz, 3H), 1.35 (m, 3H), 1.30-1.18 (m,
9H), 1.18-0.80 (m, 27H), 0.74-0.47 (m, 15H), 0.66 (s, 9H, rBuMe,Si),
0.08, 0.04, and —0.01 (each s, 30H, Me;SiCH,CH,x3 and rBuMe,Si),
—0.36 (s, 3H rBuMe,Si).

Siomycin A: To a solution of thiazoline 32 (14.5 mg, 0.00531 mmol) in
CH;NO, (0.27 mL) at 0°C under Ar atmosphere was added 1.0m ZnCl,
in ether (0.54 mL, 0.54 mmol). After stirring at room temperature for
48 h, the reaction mixture was quenched with H,O (2 mL) and the mix-
ture was extracted with AcOEt (3 mLx3). The combined extracts were
washed with 0.01m aqueous HCl (5 mLx3). The organic layers were
dried over Na,SO,, filtered through celite, and evaporated to afford the
crude dicarboxylic acid 40 (12.7 mg). To a solution of this crude dicarbox-
ylic acid 40 (12.7 mg) in DMF-CH,C], (1:4, 5.4 mL) at 0°C under Ar at-
mosphere were added 0.57M iPr,NEt in DMF (0.0475 mL, 0.0271 mmol)
and HATU (10.3 mg, 0.0271 mmol). The reaction mixture was stirred at
0°C for 3 h and then segment E (6; 12.7 mg, 0.0271 mmol) was added at
0°C. After stirring at room temperature for 24 h, the reaction mixture
was quenched with 0.01M aqueous HCI (4 mL) and the mixture was ex-
tracted with AcOEt (4 mLx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was separat-
ed by gel filtration (Sephadex LH-20, CHCL;) to afford the crude prod-
ucts (16.4 mg) including the bicyclic peptide 41. To a solution of these
crude products (16.4 mg) in dry THF (1.4 mL) at 0°C under Ar atmos-
phere was added HF-pyridine (0.36 mL). After stirring at room tempera-
ture for 20 h, the reaction mixture was quenched with saturated aqueous
NaHCO; (30 mL) and the mixture was extracted with AcOEt (30 mL x
3). The combined extracts were dried over Na,SO,, filtered through
celite, and evaporated to afford the crude products (11.5 mg) including
pentaol 42. To a solution of these crude products (11.5 mg) in TFE-
CH,CI, (1:5, 1.7 mL) at 0°C was added 3.98m TBHP in CH,Cl, (0.76 mL,
3.02 mmol). After stirring at room temperature for 1 h, the reaction mix-
ture was quenched with saturated aqueous Na,S,0; (2 mL) and saturated
aqueous NaHCO; (2 mL). The resulting solution was stirred at 0°C for
0.5 h and extracted with AcOEt (4 mLx3). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated. The residue
was washed with hexane (1 mLx3) and purified by PTLC on silica gel
(10% MeOH/CHCL) to afford siomycin A (1; 0.6 mg, 7% from 32) as
pale yellow solids and the regioisomeric cyclization-elongation product
43 (0.7 mg, 8% from 32) as pale yellow solids.

Siomycin A (natural): R;=0.57 (10% MeOH/CHCL); [a]% —88.8 (c 0.10,
dioxane); IR (KBr): #=3375, 2975, 2930, 1650, 1520, 1490, 1210, 1120,
1095, 935, 895, 810, 765 cm™'; "H NMR (CDCl,, ca. 0.5 mm): 6=9.98 (brs,
1H, Deala-S-1 CONH), 9.83 (brs, 1H, ThstA CONH), 9.20 (brs, 1H,
Deala-2 CONH), 8.99 (brs, 1H, Deala-S-2 CONH), 8.60 (brs, 1H,
Deala-1 CONH), 8.48 (brs, 1H, Debut CONH), 8.29 (s, 1 H, Thstn Thz-4
H-5), 8.25 (s, 1H, ThstA Thz-1 H-5), 8.11 (s, 1 H, ThstA Thz-2 H-5), 7.56
(brd, J=9.4 Hz, 1H, Thstn CONH), 7.44 (s, 1H, ThstA Thz-3 H-5), 7.40
(brs, 1H, Q H-3), 6.95 (d, J=10.0 Hz, 1H, Q H-5), 6.89 (brs, 1H, Thr-1
CONH), 6.80 (d, /J=2.0 Hz, 1H, Deala-S-1 H-f(t)), 6.71 (d, /J=1.8 Hz,
1H, Deala-S-2 H-f(t)), 6.44 (brs, 1 H, Deala-2 H-B(t)), 6.41 (m, 1H, Thr-
2 H-B), 6.40 (m, 1H, Q H-6), 6.39 (m, 1H, Ala-1 CONH), 6.20 (q, /=
7.0 Hz, 1H, Debut H-$), 5.84 (d, J=9.2 Hz, 1H, Thr-2 H-a), 5.75 (d, /=
9.4 Hz, 1H, Thstn H-a), 5.73 (brs, 1H, Deala-1 H-f(t)), 5.57 (brs, 1H,
Deala-S-1 H-B(c)), 5.45 (brs, 1H, Deala-S-2 H-B(c)), 5.34 (bq, J=6.6 Hz,
1H, Q H-11), 5.18 (brs, 1 H, Deala-2 H-f3(c)), 5.18 (brs, 1 H, ThstA piper-
idine H-6), 5.15 (brs, 1 H, Deala-1 H-f(c)), 4.96 (dd, /=84, 13.2 Hz, 1H,
(+)-Cys H-a), 4.77 (dq, J=6.2, 7.5 Hz, 1H, Ala-1 H-a), 4.47 (dd, J=3.0,
8.2 Hz, 1H, Thr-1 H-a), 4.11 (m, 1H, ThstA piperidine H-4e), 3.79 (brq,
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J=6.2Hz, 1H, Thstn H-y), 3.71 (dd, /=8.4, 11.4 Hz, 1H, (+)-Cys H-f'),
3.61 (d, J=4.8Hz, 1H, Q H-7), 3.48 (m, 1H, ThstA piperidine H-3e),
3.12 (dd, J=11.4, 13.2 Hz, 1H, (4+)-Cys H-$), 2.98 (m, 1H, ThstA piperi-
dine H-3a), 2.96 (m, 1H, Val H-0), 2.27(m, 1H, ThstA piperidine H-4a),
2.22 (m, 1H, Val H-f), 1.69 (m, 3H, Thr-2 Me-f), 1.62 (d, J=7.0 Hz, 3H,
Debut Me-f3), 1.48 (d, J=6.2 Hz, 3H, Ala-1 Me), 1.37 (d, J=6.6 Hz, 3H,
Q 11-Me), 1.34 (d, J=6.2 Hz, 3H, Thstn Me-y), 1.25 (m, 1H, Thr-1 H-B),
1.20 (s, 3H, Thstn Me-f), 1.05 (d, J=6.6 Hz, 3H, Val Me-f), 1.09-0.99
(m, 3H, Thr-1 Me-p), 0.86 ppm (d, /=6.8 Hz, 3H, Val Me-B); HRMS
(ESI): m/z [M+Na]* caled for C,;HgN;jNaO;Ss: 1670.4508; found:
1670.4493.

Siomycin A (synthetic): R;=0.57 (10% MeOH/CHCL); [a]¥ —90.5 (¢
0.11, dioxane); IR (KBr): #=3380, 2960, 2925, 1650, 1530, 1495, 1210,
1120, 1095, 930, 895, 810, 760 cm™'; '"H NMR (CDCl,, ca. 0.5 mm): 0=
9.98 (brs, 1H, Deala-S-1 CONH), 9.83 (brs, 1H, ThstA CONH), 9.21
(brs, 1H, Deala-2 CONH), 8.99 (brs, 1H, Deala-S-2 CONH), 8.60 (brs,
1H, Deala-1 CONH), 8.49 (brs, 1H, Debut CONH), 8.29 (s, 1H, Thstn
Thz-4 H-5), 825 (s, 1H, ThstA Thz-1 H-5), 8.10 (s, 1H, ThstA Thz-2 H-
5), 7.56 (bd, J=9.4 Hz, 1H, Thstn CONH), 7.44 (s, 1H, ThstA Thz-3 H-
5), 7.38 (brs, 1H, Q H-3), 6.95 (d, J=10.0 Hz, 1H, Q H-5), 6.89 (brs,
1H, Thr-1 CONH), 6.80 (d, /=2.0 Hz, 1H, Deala-S-1 H-f(t)), 6.71 (d,
J=1.8 Hz, 1H, Deala-S-2 H-f(t)), 6.45 (brs, 1H, Deala-2 H-f(t)), 6.43
(m, 1H, Thr-2 H-B), 6.40 (m, 1H, Q H-6), 6.40 (m, 1H, Ala-1 CONH),
6.20 (q, J=7.0 Hz, 1H, Debut H-p), 5.84 (d, J=9.0 Hz, 1H, Thr-2 H-a),
5.75 (d, J=9.4 Hz, 1H, Thstn H-a), 5.73 (brs, 1H, Deala-1 H-f(t)), 5.57
(brs, 1H, Deala-S-1 H-f(c)), 5.45 (brs, 1H, Deala-S-2 H-f(c)), 5.34 (bq,
J=6.5Hz, 1H, Q H-11), 5.18 (brs, 1H, Deala-2 H-p(c)), 5.18 (brs, 1H,
ThstA piperidine H-6), 5.16 (brs, 1H, Deala-1 H-f(c)), 4.96 (dd, /=94,
13.5Hz, 1H, (+)-Cys H-a), 477 (dq, /=64, 72 Hz, 1H, Ala-1 H-0),
4.47 (dd, J=3.0, 8.8 Hz, 1H, Thr-1 H-a), 4.11 (m, 1H, ThstA piperidine
H-4e), 3.79 (bq, J=62Hz, 1H, Thstn H-y), 3.71 (dd, /=94, 11.4 Hz,
1H, (+)-Cys H-f'), 3.61 (d, /=4.8 Hz, 1H, Q H-7), 3.48 (m, 1H, ThstA
piperidine H-3e), 3.12 (dd, J=11.4, 13.5 Hz, 1H, (+)-Cys H-p), 2.97 (m,
1H, ThstA piperidine H-3a), 2.96 (m, 1H, Val H-a), 2.28 (m, 1H, ThstA
piperidine H-4a), 2.22 (m, 1H, Val H-B), 1.69 (m, 3H, Thr-2 Me-f), 1.63
(d, J=7.0 Hz, 3H, Debut Me-f3), 1.48 (d, J=6.4 Hz, 3H, Ala-1 Me), 1.36
(d, J=6.5Hz, 3H, Q 11-Me), 1.34 (d, J=6.2 Hz, 3H, Thstn Me-y), 1.25
(m, 1H, Thr-1 H-f), 1.20 (s, 3H, Thstn Me-f3), 1.05 (d, /=6.8 Hz, 3H,
Val Me-f), 1.08-0.98 (m, 3H, Thr-1 Me-f), 0.87 ppm (d, /=6.8 Hz, 3H,
Val Me-B); HRMS (ESI): m/z [M+Na]* caled for C;HgN;)NaO,S;:
1670.4508; found: 1670.4508.

BC NMR spectrum of siomycin A (natural and synthetic): Owing to a
scarcity of the synthetic siomycin A, the identity of *C NMR spectra of
the natural and synthetic siomycin A was established by comparison of
their HSQC and HMBC spectra: “CNMR ([Ds]THF, ca. 6 mw,
600 MHz): 6=174.1, 173.4, 171.7, 171.1, 170.2, 168.2, 166.3, 166.0, 164.2,
162.3, 162.0, 161.8, 161.2, 159.7, 159.0, 155.6, 152.0, 151.7, 150.5, 148.0,
135.7, 134.6, 133.9, 131.0, 130.6, 128.3, 127.9, 125.1, 123.8, 123.2, 118.3,
102.3, 101.9, 101.4, 100.0, 80.5, 78.5, 73.3, 69.3, 68.4, 68.0, 67.5, 65.3, 64.9,
61.4, 58.6, 57.0, 56.5, 54.0, 52.6, 35.7, 32.5, 30.3, 25.7, 25.4, 23.9, 23.6, 20.6,
19.6,19.2,17.9, 17.6, 15.7 ppm.

Regioisomeric cyclization-elongation product 43: R;=0.11 (10% MeOH/
CHCLy); [a]® —19.3 (c 0.10, dioxane); IR (KBr): #=3370, 2975, 2935,
1655, 1520, 1490, 1220, 1120, 1065, 935, 895, 805, 750 cm™'; '"H NMR (4:1
CDCl;-CD;0D, ca. 4.8 mm) 0=9.64 (brs, 1H), 9.07 (brs, 1H), 8.91 (brd,
J=4.6 Hz, 1H, Thr-2 CONH), 8.66 (brs, 1H), 8.34 (brs, 1H), 822 (s,
1H), 8.15 (s, 1H), 8.10 (s, 1H), 8.09 (brd, J=9.5 Hz, 1H, Thr-1 CONH),
8.08 (brd, J=5.0 Hz, 1H, Thstn CONH), 7.84 (brd, /=9.0 Hz, 1H, Ala-1
CONH), 7.38 (s, 1H), 6.87 (d, /=2.0, 10.0 Hz, 1H, Q H-5), 6.52 (brs,
1H), 6.44 (brs, 1H, Deala H-f), 6.40 (q, /=7.2 Hz, 1 H, Thr-2 H-), 6.34
(d, J=1.2 Hz, 1H, Deala H-$), 6.23 (brs, 1H, Deala H-), 6.18 (dd, /=
2.5, 100 Hz, 1H, Q H-6), 6.04 (brs, 1H, Deala H-f), 5.80 (brs, 1H,
Deala H-), 5.78 (q, /=6.2 Hz, 1H, Debut H-), 5.74 (d, /=0.8 Hz, 1H,
Deala H-p), 5.71 (d, J=1.2 Hz, 1H, Deala H-f), 5.47 (d, J=5.0 Hz, 1H,
Thstn H-a), 5.44 (m, 1H, (4+)-Cys H-a), 5.42 (brd, J=4.6 Hz, 1H, Thr-2
H-a), 541 (brs, 1H, Deala H-), 5.10 (bq, /=6.4 Hz, 1H, Q H-11), 4.73
(d, /=10.5Hz, 1H, Q H-8), 4.54 (dd, /=12, 9.5Hz, 1H, Thr-1 H-a),
4.48 (dq, J=17.0, 9.0 Hz, 1H, Ala-1 H-a), 434 (dq, /=12, 6.2 Hz, 1H,
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Thr-1 H-B), 3.69 (q, J=6.4 Hz, 1H, Thstn H-y), 3.60 (m, 2H, (+)-Cys H-
B and H-f'), 3.60-3.48 (m, 2H, ThstA piperidine H-3e and H-4e), 3.50
(m, 1H, Q H-7), 3.23 (d, J=4.0 Hz, 1H, Val H-a), 3.02 (m, 1H, ThstA
piperidine H-3a), 2.74 (m, 1H, ThstA piperidine H-4a), 2.27 (m, 1H, Val
H-$), 1.84 (d, J=7.2 Hz, 3H, Thr-2 Me-f), 1.45 (d, J=6.4 Hz, 3H, Q 11-
Me), 1.42 (d, J=7.0 Hz, 3H, Ala-1 Me), 1.25 (s, 3H, Thstn Me-f3), 1.22
(d, J=6.2 Hz, 3H, Thstn Me-y), 1.15 (d, /=7.0 Hz, 3H, Val Me-f), 1.01
(d, /=7.0Hz, 3H, Val Me-f), 0.87 (d, J=6.2 Hz, 3H, Thr-1 Me-f), 0.69
(d, J=6.2 Hz, 3H, Debut Me-f); HRMS (ESI): m/z [M+Na]* caled for
C;;Hg N gNaOSs: 1670.4508; found: 1670.4500.

Compound 45: To a solution of 44! (7.8 mg, 0.00815 mmol) in dry THF
(1.9 mL) at 0°C under Ar atmosphere was added HF-pyridine (0.47 mL).
After stirring at room temperature for 4 h, the reaction mixture was
quenched with saturated aqueous NaHCO; (45 mL) and the mixture was
extracted with AcOEt (40 mL x3). The combined extracts were dried
over Na,SO,, filtered through celite, and evaporated. The residue was pu-
rified by PTLC on silica gel (40 % acetone/hexane) to afford 45 (4.2 mg,
70%) as a colorless foam: R;=0.55 (50% acetone/hexane); '"H NMR
(CDCl;) 6=8.60 (brs, 1H, Ile CONH), 8.07 (s, 1H, thiazole H-5), 7.74
(brs, 1H, AAbu CONH), 6.34 (q, /J=7.0 Hz, 1H, AAbu H-$), 5.44 (d, J=
8.6 Hz, 1H, Ile H-a), 5.20 (dd, /=8.0, 8.0 Hz, 1H, thiazoline H-4), 4.67
(brs, 1H, OH), 4.44-4.28 (m, 1H, oxazolidine H-5), 4.38 (q, /J=7.2 Hz,
2H, CO,CH,CHs;), 4.18 (m, 2H, Me;SiCH,CH,), 4.05 (d, /=7.0 Hz, 1H,
oxazolidine H-4), 3.78-3.56 (m, 4H, thiazoline H-5x2, Ile H-y, and OH),
1.83 (d, /=7.0 Hz, 3H, AAbu Me-f}), 1.65 (s, 6H, oxazolidine 2-Me x2),
147 (d, J=6.0Hz, 3H, oxazolidine 5-Me), 1.39 (t, /=72 Hz, 3H,
CO,CH,CHs;), 1.27 (s, 3H, Ile Me-p), 1.23 (d, /=6.2 Hz, 3H, Ile Me-y),
1.00 (m, 2H, Me;SiCH,CH,), 0.02 (s, 9H, Me;SiCH,CH,) (irradiation at
1.83 ppm produced a 0.7% NOE enhancement at 7.74 ppm and a 3.9%
NOE enhancement at 6.34 ppm).

Compound 46: To a solution of 45 (3.1 mg, 0.00426 mmol) in dry CH,Cl,
(021mL) at 0°C under Ar atmosphere were added 2,6-lutidine
(0.005 mL, 0.043 mmol) and TESOT{ (0.0049 mL, 0.022 mmol). After
stirring at room temperature for 0.5h, the reaction mixture was
quenched with H,O (2mL) and the mixture was extracted with CHCl,
(2mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated. The residue was purified by PTLC on
silica gel (30% AcOEt/hexane) to afford 46 (2.9 mg, 71%) as a colorless
foam: R;=0.60 (30% AcOEt/hexane); [a]¥ —22.0 (¢ 1.00, CHCL); IR
(CHCL): 7=3685, 3620, 3405, 1706, 1520, 1478, 1420, 1338, 1118,
1046 cm™'; "TH NMR (CDCl,): 6=8.09 (s, 1H, thiazole H-5), 7.73 (brs,
1H, CONH), 7.55 (d, /=8.6 Hz, 1H, CONH), 6.48 (q, J=7.0Hz, 1H,
AAbu H-), 545 (d, J=8.6 Hz, 1H, Ile H-a), 5.02 (dd, /=9.2, 11.0 Hz,
1H, thiazoline H-4), 4.42-4.24 (m, 1H, oxazolidine H-5), 4.35 (q, /=
7.0 Hz, 2H, CO,CH,CH3), 4.24-4.02 (m, 2H, Me;SiCH,CH,), 3.96 (d, /=
7.4 Hz, 1H, oxazolidine H-4), 3.86-3.66 (m, 2H, thiazoline H-5, Ile H-y),
3.57 (dd, J=9.2, 11.0 Hz, 1H, thiazoline H-5), 1.82 (d, J=7.0 Hz, 3H,
AAbu Me-p), 1.67 (s, 3H, oxazolidine 2-Me), 1.64 (s, 3H, oxazolidine 2-
Me), 1.46 (d, /=5.6 Hz, 3H, oxazolidine 5-Me), 1.36 (t, J=7.0 Hz, 3H,
CO,CH,CHs), 1.35 (s, 3H, Ile Me-p), 1.12 (d, /=6.0 Hz, 3H, Ile Me-y),
1.06-0.87 (m, 2H, Me;SiCH,CH,), 0.94 (t, J=7.6 Hz, 9H, (MeCH,)Si),
0.87 (t, J=7.6 Hz, 9H, (MeCH,);Si), 0.72-0.42 (m, 12H, MeCH,Si x6),
0.20 ppm (s, 9H, Me;SiCH,CH,); "C NMR (CDCl,): =171.11, 170.86,
168.74, 167.34, 161.37, 152.80 (br), 146.01, 131.99, 128.16, 95.29, 79.47,
79.14, 74.65 (br), 72.02, 67.76, 63.79, 61.11, 59.37, 36.16, 27.15 (br), 25.20,
19.26, 18.95, 17.95, 17.78, 15.08, 14.33, 7.20, 6.91, 6.76, 5.08, —1.60 ppm;
HRMS (FAB): m/z [M+H]* caled for Cy3H7gN5O,S,Si5: 956.4519; found:
956.4548. This 46 was identical with the sample derived from 44 by syn
elimination using TBHP.
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Tomonori Mori, Shuhei Higashibayashi, Taiji Goto, Mitsunori Kohno, Yukiko Satouchi,
Kazuyuki Shinko, Kengo Suzuki, Shunya Suzuki, Hiraku Tohmiya,
Kimiko Hashimoto,* and Masaya Nakata**!

Abstract: The five practical segments
for the total synthesis of siomycin A,
that is, the dehydropiperidine segment
A (5), the pentapeptide segment B (3),
the dihydroquinoline segment C (6),
and the B-phenylselenoalanine dipep-
tide segments D (7) and E (4), were
synthesized. Segment A (5) was con-
structed by the coupling of the azome-
thine ylide and the chiral sulfinimine,

tion of the six-membered imine func-
tion. Segment B (3) was synthesized by
the phenylselenylation of the B-lactone,
stereoselective vinylzinc addition to the
chiral sulfinimine, and oxazoline-thio-
amide conversion. Segment C (6) was

Keywords: heterocycles - peptides -
siomycin A - stereoselectivity -
sulfinimines

prepared by the one-pot olefination of
the tetrahydroquinoline N-oxide using
triflic anhydride and triethylamine, ste-
reoselective reduction of the methyl
ketone function, and regioselective Yb-
(OTf);-catalyzed epoxide opening by
the amino group. Segments D (7) and
E (4) were synthesized by coupling of
the properly protected P-phenylsele-
noalanines.

followed by the stereoselective reduc-

Introduction

Thiostrepton was isolated in 1955 from the culture broth of
Streptomyces azureus by the Squibb group as an antibiotic
with high inhibition activities against Gram-positive bacte-
ria.l'! Its structure assignment had been investigated for a
long time by chemical degradation studies™ until the com-
plete structure was elucidated by an X-ray crystallographic
analysis in 1970.' NMR spectral studies of thiostrepton, to-
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gether with the siomycins and thiopeptins, have been carried
out in detail.®! In 1961, siomycin A (1) was isolated from the
culture broth of Streptomyces sioyaensis by the Shionogi
group.”’ In 1969, siomycin B was recognized as an artifact of
siomycin A (1), and siomycin C was isolated from the same
culture broth.! Siomycin D, was also isolated from the
same culture broth in 1980 as a minor component of the sio-
mycins.”! The structures of the siomycins were elucidated by
chemical degradation studies® and NMR spectral stud-
iesl*479 by comparison with that of thiostrepton. Other
structurally ~ related  antibiotics, the thiopeptins,!”
Sch 18640, and Sch 40832,”) were also isolated. The char-
acteristic structure of this thiostrepton family of peptide an-
tibiotics is the bicyclic skeleton containing a tetrasubstituted
dehydropiperidine and/or piperidine moiety, a tetrasubstitut-
ed dihydroquinoline moiety, four thiazole moieties, a thiazo-
line moiety, dehydroamino acid moieties, and a dihydroxyi-
soleucine moiety (Figure 1). Fascinated by their stunningly
complex structural features, wel™ and the Nicolaou group™l
have aimed to synthesize these antibiotics. Recently, Nico-
laou and his co-workers have succeeded in the fascinating
total synthesis of thiostrepton.”! We have also succeeded in
the total synthesis of siomycin A (1).""! Other efforts have
focused on the syntheses of the structurally simpler thiopep-
tide antibiotics which have the pyridine-containing monocy-
clic skeleton, for example, the micrococcins,'”! promothio-
cin A, amythiamicin D, GE2270A,***" and GE2270T®"!
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Thiostrepton (left): R! = CH,CHg, R? = CHg, R® = H, R* = CH3, R®= 0, R® = NH,

Siomycin A (1) (left): R! = CH3, R? = R® = CH, (dehydroalanine), R* = CHs, R® = 0, R® = NH;
Siomycin C (left): R = CHy, R? = R® = CH, (dehydroalanine), R* = CHg, R® = 0, R® = OMe
Siomycin Dy (left): R" = CHg, R? = R® = CH, (dehydroalanine), R* = H, R® = O, R® = NH,
Thiopeptin By, (left): R' = CHg, R? = CH3, R®=H, R* = CH3, R® =S, R® = OH

Thiopeptin B, (right): R = CH3, R? = CHg, R® = H, R* = CHg, R®= S, R® = OH

Sch 18640 (right): R' = CHoCHg, R? = CH;, R®=H, R* = CH;, RS = 5, R® = NH,

Figure 1. Structures of thiostrepton antibiotics.

Promothiocin A

Figure 2. Structures of thiopeptide antibiotics.

(Figure 2). The chemical and biological properties of the
thiostrepton and thiopeptide antibiotics have been recently
reviewed (for example, the thiostrepton and thiopeptide an-
tibiotics interfere with bacterial protein synthesis on the ri-
bosome).”” In this and the following™®! article, we report the
construction of the five practical synthetic segments and the
total synthesis of siomycin A (1).

Abstract in Japanese:

NTFFEFAA T P RREMBE YA~V ADRERDTZHD
HERSEAOE I AL M T4bEL, T FaEXY v A b A~
VHENTFRESALEB, Y RRrXx U ESRAVNC, BTt
LVITFauURTFRE S AL D L ERAR LT,
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GE2270A:R'=R?=H
GE2270T: R' =R? = n bond

Results and Discussion
Strategy for Construction of the Bicyclic Skeleton

Aimed at the total synthesis of thiostrepton, Nicolaou and
co-workers adopted the strategy of first constructing the
B ring, followed by elongation of the side chain, A-ring pre-
cursor incorporation (peptide coupling), and the final A-
ring cyclization (lactonization; Scheme 1).>) Our strategy
for the total synthesis of siomycin A (1), on the other hand,
is different from the Nicolaou one; after the A-ring (seg-
ment A-C-D (2)) construction, it is coupled to segment B
(3), followed by cyclization (lactamization) of the resulting
coupling product and elongation of the side-chain segment
E (4) onto the cyclization product (Scheme 2). We anticipat-
ed that this cyclization—elongation step would be realized in
a stepwise manner after the selective deprotection of one of
the two trimethylsilylethyl (TMSE) esters, or more conven-
iently, in a one-pot operation by the regioselective cycliza-
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SePh

e/ungatlon /g( %NH
2
SePh
/VJ\OH peptide
—N

couplmg He Se(F)’h

O NHalloc-1- HOT‘)\N)K(

Scheme 1. Nicolaou’s strategy for construction of the second ring and the side-chain elongation. Alloc=allyloxycarbonyl, Fm =9-fluorenylmethyl, TES=

triethylsilyl, TBS = fert-butyldimethylsilyl.

Siomycin A (1)

0 elongat/on SePh
SMOTMSE -- HgNLW 7/1LNH2
= /SePh
H: “SePh
SePh segment E (4)

(o)

segment A-C-D (2)

O+ OH
K peptide
H \ $ coupling

TESO Hores

segment B (3)

Scheme 2. Our strategy for construction of the second ring and the side-chain elongation. TMSE = trimethylsilylethyl, Teoc =2-(trimethylsilyl)ethoxycar-

bonyl.

tion—elongation of the dicarboxylic acid secured by the si-
multaneous deprotection of the two TMSE esters. Other
challenging tasks include the well-timed construction of the
easily racemizing thiazoline ring and the tricky dehydroami-
no acid units (that is, four dehydroalanine groups and one
trisubstituted Z olefin adjacent to the thiazoline ring), the
latter of which would be obtained by the oxidative syn elim-
ination of five phenylseleno groups® during the final stage
of the total synthesis.

Retrosyntheses of Segments A-C-D (2) and A (5)

Scheme 3 shows the retrosynthetic analysis of segment A-C-
D (2), which is divided into the tetrasubstituted dehydropi-
peridine segment A (5) (strategically including the L-threo-
nine and L-alanine residues), the tetrasubstituted dihydro-

986 www.chemasianj.org
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quinoline segment C (6) (having the r-valine residue), and
the B-phenylselenoalanine dipeptide segment D (7). Seg-
ment A (5) would be derived from the tetrasubstituted pi-
peridine 8 by the alanine coupling and dehydrogenation. It
is expected that the latter dehydrogenation would regiose-
lectively proceed because the C2 hydrogen atom in 8 seems
to be more acidic than the C6 hydrogen atom.?! Piperidine
8 is expected to be obtained from an equilibrium mixture of
the six-membered imine derivative 9 and the five-membered
imine derivative 10 by chemo- and stereoselective reduction.
We anticipated that the six-membered imine 9 in this mix-
ture would be preferentially reduced owing to steric hin-
drance around the imine function in the five-membered
imine 10. It is also expected that the stereoselectivity of this
reduction would be controlled by the stereoelectronic effect
as shown in Scheme 3. To synthesize the equilibrium mix-

Chem. Asian J. 2008, 3, 984-1012
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(e} NH,
segment D (7)

regioselective
dehydrogenation

OFEt chemo- and
stereoselective
reduction

0 1,3-dlpolar /0
o cycloaddition or o
stereoselctive
1,2-addition
RO P Ve,
V. Z N\
oﬁ/[N N N O EtO N OEt +
1 Boc NH, 9H
OFt OEt 13 o - stereoelectronic effect
+ v
H
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o 1.0 o] H,N" p-Tol
_ S N = 15a
N p-Tol N p-Tol sS_.N
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S N 12a SN 12b Hal M .
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H ~ :H H ~ H o é\\o
HN HN & 14 HoN" p-Tol
)/—O )—0 15b
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Scheme 3. Retrosynthetic analyses of segments A-C-D (2) and A (5). Boc=tert-butoxycarbonyl, Bpoc =1-(4-biphenyl)-1-methylethoxycarbonyl, p-Tol=

p-toluene.

ture of 9 and 10, we selected the coupling reaction between
the azomethine ylide derived from dehydropyrrolidine 11
and the chiral sulfinimine 12a or its epimer 12b, followed
by desulfinylation. This coupling reaction may proceed by
either 1,3-dipolar cycloaddition®! or 1,2-addition. There is a
precedent for the 1,3-dipolar cycloaddition between the azo-
methine ylides, derived from the N-benzylidene a-aminoest-
ers, and the chiral sulfinimines.?”?® The stereochemical out-
come described in the literature®™* matches our requirement
when sulfinimine 12a is used. On the other hand, when this
reaction proceeds by 1,2-addition, it is possible to control
the C6 stereochemistry by employing sulfinimine 12a or
12b; however, the C5 stereochemistry is unpredictable. De-
hydropyrrolidine 11 was prepared from the known pyrroli-
dine 13, and the chiral sulfinimine 12a (or 12b) was pre-
pared from aldehyde 14 and the chiral sulfinamide 15a (or
15b).2

Synthesis of dehydropyrrolidine 11:'*% cis-1-Boc-2,5-di-
carbethoxypyrrolidine (cis-13)?) (Scheme 4), prepared with
modification from diethyl 2,5-dibromoadipate, was hydro-

Chem. Asian J. 2008, 3, 984-1012
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1. aq NaOH
H,O-MeOH-dioxane, RT
2. CICOEt, EtsN

_@ THF, RT —D—
Et0,C— /OO HNSC—H, /~CSNH,
Boc 3. NHz RT Boc
cis-13 4.Lawesson ;516 (33% from cis-13,
trans-13 reagent 16% from trans-13)
dioxane trans-16 (19% from trans-13)
90 °C
ethyl bromopyruvate
EtOH, reflux
(5L <
Y/ N\
0. N (0]
ﬁ):N H NjY
OEt OEt

¢is-17 (61% from cis-16, 32% from trans-16)
trans-17 (17% from cis-16, 32% from frans-16)

tBuOCI, THF, -78 °C
then Et3N, RT

L3
OY[N/ N \N]\fo
OEt OEt
11 (95% from cis-17, 76% from trans-17)
Scheme 4. Synthesis of dehydropyrrolidine 11.
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Scheme 5. Coupling between dehydropyrrolidine 11 and sulfinimine 12. DIBAL = diisobutylaluminium hydride, CMD =chemical manganese dioxide.

lyzed to the acid, which was converted into the mixed anhy-
dride with ethyl chloroformate; into this solution, gaseous
NH; was then introduced. The resulting amide was treated
with the Lawesson reagent,’!! giving thioamide cis-16 in
33% overall yield. The treatment of cis-16 with ethyl bro-
mopyruvate!'’¥ in EtOH afforded cis-17 and trans-17 in 61
and 17% yield, respectively. The treatment of cis-17 with
BuOCI®? in THF followed by dehydrochlorination with
triethylamine provided 11 in 95 % yield. In addition, trans-1-
Boc-2,5-dicarbethoxypyrrolidine  (trans-13)®!  (Scheme 4)
was also transformed into 11 by the same procedure as de-
scribed in the cis series. From thioamide trans-16, obtained
from trans-13 in 19% yield together with the 16 % yield of
cis-16, a comparable yield (each 32%) of cis-17 and trans-17
was obtained, and then trans-17 was converted into 11 in
76 % yield.

Synthesis of chiral sulfinimines 12a and 12b, and their
coupling with dehydropyrrolidine 11:* The synthesis of the
chiral sulfinimines 12a and 12b began with the known
19,74 which was prepared from L-threonine (18; Scheme 5).
Diisobutylaluminum hydride (DIBAL) reduction of 19 fol-
lowed by oxidation with manganese dioxide™ afforded al-
dehyde 14 in 73% yield. We postulated that a mixture of
LiClO,~Et;N,* which seemed to be suitable for the subse-
quent key coupling between dehydropyrrolidines and sulfi-
nimines, might be used for condensation of an aldehyde
with a sulfinamide. Condensation of 14 in THF with the
Davis sulfinamide® 15a or 15b in the presence of LiClO,
and EtN provided sulfinimine 12a or 12b, respectively.
Each solution of these sulfinimines was directly used in the
subsequent coupling. First, based on the results described in
the literature,”™ dehydropyrrolidine 11 and sulfinimine 12a
were selected for the coupling partners. The coupling prod-
ucts turned out to be the 1,2-addition product 20 and its dia-
stereomer™! in 65 and 6% vyield, respectively. The following
transformation of the coupling product 20 led to 28, which
proved to be a diastereomer of the desired 24 and has the

988 www.chemasianj.org
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opposite configurations at the C2, C5, and C6 positions (see
below). Therefore, sulfinimine 12b was next chosen as the
coupling partner. To the above-mentioned solution of 12b
in THF was added 11 at —25°C. After one day, the addition
product 21 and its diastereomer™! were obtained in 71 and
17 % yield, respectively. The 'H NMR signal of NHSO (6=
5.79, J=8.7Hz) in 21 supported the five-membered imine
structure; however, the C5 and C6 configurations could not
be determined at this stage.

Synthesis of segment A (5):*°! After desulfinylation of
21 with TFA in EtOH, the obtained mixture of 9 and 10 was
subjected to reduction with NaBH;CN in AcOH/EtOH to
afford, as we expected, piperidine 8 in 52 % yield as the sole
reduction product (Scheme 6). In preference to the structur-
ally congested primary amine at C5, the oxazolidinone
amine in 8 was protected with Boc,O, and the following con-
densation with Boc-Ala-OH (22) using 2-chloro-1,3-dime-
thylimidazolidium hexafluorophosphate (CIP)*® and 1-hy-
droxy-7-azabenzotriazole (HOAL), which are useful coupling
reagents for structurally congested cases, afforded piperidine
23 in 78% yield (two steps). The HMBC spectrum of 23
(from H6 to C2) supported the piperidine skeleton and the
NOE experiments supported the relative configuration of
the piperidine ring (Scheme 6). The absolute structure of 23
(and hence 8) was confirmed by its transformation (depro-
tection) to 24 and comparison of its optical rotation and 'H
and ®C NMR spectra with those of a degradation product
from the natural thiopeptin B,.'’*%) On the other hand, de-
hydropyrrolidine 20 was also transformed, through 26 and
27, into 28, which has the identical relative but opposite ab-
solute configurations within the piperidine ring to those of
24. As we expected, dehydrogenation of 23 with BuOCIP?!
and triethylamine gave only dehydropiperidine 25 in 95%
yield.

It is interesting to note that the configuration of the piper-
idine ring in thiopeptin B, (Figure 1) was confirmed by our
synthesis of 24. According to reference [10f], the authors

Chem. Asian J. 2008, 3, 984-1012
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1. Boc;0O, DMAP
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0°C, 84% AcOH, EtOH, RT
2.22, CIP, HOAt 52%
NHBoc iPraNEt
CH,Clp, RT, 93%
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1. BocyO, DMAP, Et3N, THF, 0 °C
2. 22, CIP, HOAL, iPryNEt, CHoClp, RT, 83%
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Scheme 6. Structure determination of piperidines 8 and 26. TFA =trifluoroacetic acid, DMAP =4-(dimethylamino)pyridine, CIP =2-chloro-1,3-dimethyli-

midazolidium hexafluorophosphate, HOAt = 1-hydroxy-7-azabenzotriazole.

have isolated two degradation products, IIA and its C2
epimer IIB (the compound numbers described in referen-
ce [10f]), from thiopeptin B, as the piperidine residue. Com-
pound ITA was formed from IIB as an artifact under the
degradation conditions. Therefore, compound IIB was the
intact piperidine residue. Unfortunately, the authors could

Chem. Asian J. 2008, 3, 984-1012
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not analyze the coupling constant J,; of compound IIB be-
cause the C2 proton signal overlapped with the C6 proton
signal using the 100 MHz NMR spectrometer.’”) Instead,
judging from the coupling constant (J,;=3.5 and 12.0 Hz) in
the "H NMR spectrum of ITA together with the X-ray analy-
sis of thiostrepton,”” they proposed that IIA was 24 and
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hence the C2 configuration of the piperidine ring in natural
thiopeptin B, was S. In contrast, according to reference [4f],
the authors proposed the C2 configuration of the piperidine
ring in thiopeptin B, to be R based on the coupling constant
(J,5=3.5 and 10.0 Hz) in the '"H NMR spectrum of thiopep-
tin A,, (thiopeptin Ay, is the methyl ester of thiopeptin B, at
the terminal position R® depicted in Figure 1). These two as-
signments disagree. Therefore, we did NOE experiments for
both 23 and the synthetic 24 that are shown in Scheme 6
and unambiguously determined the C2, C5, and C6 relative
configurations.

The stereoselectivity observed in the 1,2-addition manner
of the coupling between the azomethine ylide derived from
11 and sulfinimine 12b may be interpreted as follows
(Figure 3). The metal species chelates with both the sulfinyl

OY[§/>_,‘Q_<i ]YO Oﬁi j;f

OBt R\, Li//- OEt  OFt
N—d/

Figure 3. Transition-state models for coupling between azomethine ylide
and sulfinimine.

oxygen atom and the azomethine ylide nitrogen atom in the
transition state (TS). It seems likely that the azomethine
ylide attacks the sulfinimine opposite to the p-Tol group. In
this situation, TS B and TS D suffer from an electronic re-
pulsion between the lone pairs on the sulfur and sulfimine
nitrogen atom. Thus, TS A and TS C are lower in energy
than TS B and TS D. In TS C, there is a steric repulsion be-
tween the R substituent of the sulfinimine and the hydrogen
atom (H3) of the azomethine ylide. As a result TS A is the
most likely, giving the coupling product 21 as the major
product. In the case of 12a, the same explanation is applica-
ble.

Since it seems apparent that the ethyl esters in 25
(Scheme 6) cannot be hydrolyzed after the construction of
segment A-C-D (2), which contains the lactone function,
these ethyl groups were changed to the TMSE protecting
groups (Scheme 7). The treatment of 8 with trimethylsilyl-
ethanol in the presence of Ti(iPrO),*! gave TMSE ester 29
in 75 % yield. The Boc protection (93 % yield) of the oxazo-
lidinone amine in 29 followed by condensation with Bpoc-
Ala-OH (30)®" using CIP,**! HOAt, and iPr,NEt afforded
31 in 84 % yield. The selective deprotection of the oxazoli-
dinone in the presence of the TMSE esters was realized

990 www.chemasianj.org
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Scheme 7. Synthesis of segment A (5).

with Cs,CO;*” in trimethylsilylethanol (80% yield) and the
successive chlorination with /BuOCI®?, and dehydrochlori-
nation with triethylamine and DMAP gave the dehydropi-
peridine segment A (5) in 76 % yield.

Retrosynthesis of Segment B (3)

The retrosynthetic analysis of segment B (3) is illustrated in
Scheme 8. In general, thiazolines are sensitive to epimeriza-
tion;*! therefore, it is desirable to construct the thiazoline
ring in the later stage of the total synthesis. We anticipated
that the B-hydroxythioamide function would be suitable as
the thiazoline precursor. The P-hydroxythioamide portion
would be constructed from B-hydroxyamide 32 by the Wipf
oxazoline-thiazoline conversion method.“'*! On the other
hand, the (Z)-dehydroamino acid portion would be obtained
by the oxidative syn elimination of the phenylseleno
group.”** B-Hydroxyamide 32 is divided into carboxylic
acid 33 and the dihydroxyisoleucine derivative 34. Tripep-
tide 33 would be obtained from three amino acids 35-37 by
consecutive condensations as well as phenylselenylation of
the p-lactone part. The f-lactone function acts as not only
the protecting group of the carboxylic acid group during the
amide formation, but also the activating group of the hy-
droxy group for phenylselenylation. Two amino acids, 35

Chem. Asian J. 2008, 3, 984-1012
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Scheme 8. Retrosynthetic analysis of segment B (3).

and 36, could be obtained from L-threonine (18). The dihy-
droxyisoleucine derivative 34 would be obtained from the
trisubstituted olefin 38 by the stereoselective dihydroxyla-
tion. The chiral olefin 38 would be obtained from the chiral
sulfinimine 39 by the stereoselective addition of an organo-
metallic reagent.’” If this reaction mainly affords the adduct
having the undesired configuration, all we have to do is use
the enantiomer of 39. Sulfinimine 39 could be easily ob-
tained by the condensation of the known thiazole aldehyde
40! and the Ellman chiral sulfinamide 41/ using the
Cs,CO;-mediated sulfinimine synthesis recently developed
by our group.*!

Synthesis of tripeptide 33:1'*! Tripeptide 33 was synthe-
sized by the route shown in Scheme 9. L-Threonine (18) was
treated with 2-(trimethylsilyl)ethyl 4-nitrophenyl carbon-
ate*! and triethylamine followed by acetonization with ace-
tone dimethylacetal and TsOH to afford 35 quantitatively.

1. TeocOPh(p-NOy)
EtsN, dioxane-H,0, RT o2 H

2. Me;C(OMe);
TsOH, acetone, RT >< +H

quantitative yield TeocN” ~CO,H EKAngéq_PrZNEt O_SH
HO_SH / 35 , H
66% >C T N
TeocN 4

o ~COzH o
L-threonine (18) see ii
Ref. [47] HoN
36 (TsOH salt)

Boc, 0, iProNEt
THF, RT, 77%;

Phse. ! o
j\/ Hi&

BocHN™ ~CO,H PhSeH, DMF, 80 °C gocyn o)
m quantitative yield 43

S
\
I::> TeocN:;(’\%‘\ \ I]\” ; N OBt

s\
tBu/ NH, + o)\(
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SePh TESO
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H. OTES

stereoselective
O dihydroxylation Y

T — BocHN)\(j)kOEt

stereoselective
1,2-addition

o j 0
d i~ N
oet <3 mu” ‘N:\(/fj\oa
s
39

B-Lactone 36 (TsOH salt) was prepared from 18 by the Ve-
deras method."”! After several screenings of condensation
reagents, coupling of 35 with 36 was realized using benzo-
triazol-1-yloxytripyrrolidinophosphonium  hexafluorophos-
phate (PyBOP)™! and iPr,NEt in DMF to give 42 in 66%
yield. The crucial step in the synthesis of 33 was the p-lac-
tone opening by phenylselenylation. This phenylselenylation
was tested using 43 (derived from 36 by the Boc protection)
as the model compound. First, Shirahama’s conditions**"l
(PhSeNa)*! were applied to 43, resulting in failure probably
because attack of the nucleophiles at the f-position of the
threonine P-lactone is disfavored in contrast to the facile
ring opening at the methylene of the serine-derived p-lac-
tones.*”! Other methods available for the nucleophilic phe-
nylselenylation  include =~ PhSeSiMe;+KFEP!  PhSeSi-
Me;+ZnlL,,”Y both of which had been used for the lactone-
opening reactions, and PhSeSiMe; and/or PhSeH used for

PhSeH, DMF
80 °C, 94%

%
TeocN
\H
SePh

HO 37, DMTMM
j\ NMM, MeOH, RT
HoN / Scopme  82%

37 (HCl salt)
oH
TeocN:ng' HOR
| H

wHH

SePh
1M aq NaOH [: 46: R = Me
MeOH-dioxane-H,0, RT 33:R=H

Scheme 9. Synthesis of tripeptide 33. Ts=p-toluenesulfonyl, PyBop =benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate, DMTMM =
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride, NMM = N-methylmorpholine.
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opening of the oxazoline and oxazine rings."” Among them,
the PhSeH method®? was the best choice in view of the
easy experimental procedures (PhSeH, DMF, 80°C, 2 h),
quantitatively giving 44.5% To the best of our knowledge,
this is the first example of the opening reaction of (3-substi-
tuted PB-lactones using PhSeH. 3-Lactone 42 was then sub-
jected to the same reaction conditions to afford the desired
45 in 94% yield. Condensation of 45 with 37 (HCI salt)
using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholi-
nium chloride (DMTMM)P¥ which is convenient for amide
formation in the presence of an alcohol function, and N-
methylmorpholine (NMM) in MeOH afforded tripeptide 46
in 82% yield. Hydrolysis of 46 with aqueous NaOH gave
the desired tripeptide 33, which was used in the next step
without purification.

Synthesis of dihydroxyisoleucine derivative 34:['*) The
synthesis of the dihydroxyisoleucine derivative 34 started
with the known thiazole aldehyde 40, which was prepared
from ethyl diethoxyacetate (47; Scheme 10). Condensation

see
EtO OEt Ref. [43] j\(N o} oy
OEt + S.
H>S( 0 /fLOEt Bu” > NH,
o) S 'y
47 40

quantitative yield

= N
o,/fI( o o, o 7 0
g H N Li Sz N
- e ~
BN /fj\oa oo U N/Y/ OEt
H S S
48 39

C85CO3, CHoCly, RT‘

1. 10 wt% HCI-MeOH, RT
2. Bocy0, EtsN, dioxane, RT, 83%

HOH

X o 00,4, NMO »O0H g
Hol N DABCO Hr. N
BocHN /J)LOEI ——— BocHN @ OEt
S tBuOH-H,0 S
38 RT, 56% 49

1. 1 M aq NaOH, EtOH-dioxane, RT TESOTf
2. 0.3 M HCI-EtOAc, then DOWEX 50W 2 g-lutidine
pyridine—acetic acid buffer, 65% declz. RT, 92%

HOH HOTES

»O0H o »OTES o
Hi, N H: N
HoN - / OH HoN @ / OEt
S S
50 (ACOH salt) 34
Scheme 10. Synthesis of dihydroxyisoleucine derivative 34. NMO = N-

methylmorpholine N-oxide, DABCO =1,4-diazabicyclo[2.2.2]octane, Tf=
trifluoromethanesulfonyl.

of 40 with the Ellman chiral sulfinamide 41* in CH,CI,
using our recently developed method with Cs,CO; as an
amine-activating and dehydrating reagent'*! quantitatively
produced 39. The first crucial step in the synthesis of 34 was
the chemo- and stereoselective addition of the organometal-
lic reagent to the sulfinimine group of 39 in the presence of
the ethoxycarbonyl group. To the vinyllithium reagent, pre-
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pared from 1.1 equiv of (Z)-2-bromo-2-butene and 2.2 equiv
of tBuLi in THF or Et,O, was added at —78°C a solution of
1.0 equiv of 39 in THF or Et,0, resulting in the decomposi-
tion of 39. In contrast, transmetalation of the above vinyl-
lithium reagent (prepared in THF) to the vinylzinc reagent
by the addition of 1.1 equiv of ethereal ZnCl, was realized
at 0°C; to this was added 1.0 equiv of 39 in THF at —78°C.
The mixture was stirred at —40°C for 6 h, affording the de-
sired adduct 48 in about 20% yield. Fortunately, using
5.0 equiv of the vinylzinc reagent afforded 48 in 87 % yield
as the sole adduct. When this addition reaction was conduct-
ed at 0°C (3 h), the ratio of 48 and its diastereomer was 3:1
and the yield of isolated 48 was reduced to 55%. The ste-
reochemistry of 48 was confirmed in the later stage (see
below). To the best of our knowledge, this is the first exam-
ple of the addition of the vinylzinc reagent to the chiral sul-
finimine."!

The next crucial step was the dihydroxylation of the tri-
substituted double bond. We expected that the sulfoxide-
mediated intramolecular-like dihydroxylation of olefins
using OsO,* was applicable to allylic sulfinamides; howev-
er, only the oxidation of the sulfinamide to the sulfonamide
occurred. Sulfinamide 48 was then transformed into carba-
mate 38 by acid treatment followed by Boc protection in
83% yield. Dihydroxylation of 38 was conducted under a
variety of conditions, including the Sharpless asymmetric di-
hydroxylation;®” the best result was obtained using
0.1 equiv of OsO,, 3 equiv of N-methylmorpholine N-oxide
(NMO), and 0.2equiv of 1,4-diazabicyclo[2.2.2]octane
(DABCO)F in 85:15 tBuOH-H,O at room temperature for
12 h, affording a 2:1 mixture of 49 and its diastereoisomer,
from which the desired 49 was easily separated by silica-gel
column chromatography in 56 % yield. The structure deter-
mination of 49 (and hence 48) was realized by its transfor-
mation into the naturally derived degradation product, thio-
streptine (50),51%1 by deprotection and comparing the op-
tical rotation and 'H NMR spectrum. Disilylation of 49 with
triethylsilyl trifluoromethanesulfonate (TESOTY) and 2,6-lu-
tidine afforded, concomitant with cleavage of the Boc
group,® 34 in 92 % vyield.

The high selectivity of the addition of the vinylzinc re-
agent to sulfinimine 39 might be rationalized by the open
transition-state model (TS E)P**®! shown in Figure 4, in
which the addition occurs from the Si face of the imine. On
the basis of the Davis statement,”® we speculate that the
existence of heteroatoms in the thiazole ester disrupts and
prevents formation of the chelated transition state (TS F in

RZM\H R .
. o) | B}
NT N\ ;RZ
R
Bu
TSE TSF

Figure 4. Transition-state models for addition of an organometallic re-
agent to sulfinimine.
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Scheme 11. Synthesis of segment B (3). DAST = diethylaminosulfur trifluoride, TBHP = fert-butylhydroperoxide, TFE =22 2-trifluoroethanol.

Figure 4, Re face attack). On the other hand, the selectivity
of the dihydroxylation of 38, though it was only 2:1, might
be explained by considering that the carbamate group
serves to deliver the oxidant to the desired face of the
double bond.!*"

Synthesis of segment B (3):1'*! Condensation of carboxylic
acid 33 with the dihydroxyisoleucine derivative 34 was con-
ducted with CIP*®l HOAt, and iPr,NEt in CH,Cl, to give
pentapeptide 32 in 83 % yield (Scheme 11). Now the crucial
Wipf oxazoline—thiazoline conversion method was realized
as follows.*? Treatment of 32 with diethylaminosulfur tri-
fluoride (DAST)® in CH,Cl, gave oxazoline 51 in 85%
yield, which was subjected to H,S in 1:1 MeOH-triethyl-
amine to afford thioamide 52 in 90 % yield. Thioamide 52
was again treated with DAST!® to give thiazoline 53, which
was subsequently subjected to the oxidative syn elimination
using tert-butylhydroperoxide (TBHP) in 2,2,2-trifluoroetha-
nol (TFE)-CH,CI, (1:1) to afford pentapeptide 54 in 57 %
yield from 52. The structure of 54 was confirmed by its 'H
and PCNMR spectra, including H-H COSY, HMQC, and
HMBC. At this stage, we tried hydrolysis of the ethyl ester
of 54 under a variety of conditions (for example, aqueous
NaOH in 2:1 EtOH-dioxane, aqueous Ba(OH), in
MeOH,® Me;SiOK in THF™®); however, but not unexpect-
edly, the complete epimerization occurred.® Furthermore,
the treatment of 54 with trimethyltin hydroxide, which could
be used for hydrolysis of methyl phenylacetate,*” afforded
the carboxylic acid contaminated with about 20% of the ep-
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imerization product.® On the other hand, deprotection of
the 2-(trimethylsilyl)ethoxycarbonyl (Teoc) group of 54 with
ZnCL®! in nitromethane at 50°C resulted in approximately
20% epimerization.® Therefore, we considered that car-
boxylic acid 3 or amine 55 would be the more suitable inter-
mediate for elaboration of the pentapeptide portion usable
for the total synthesis of the thiostrepton family of peptide
antibiotics. To this end, thioamide 52 was treated with aque-
ous NaOH in 2:1 EtOH-dioxane to afford segment B (3)
quantitatively. Moreover, the treatment of thioamide 52
with ZnCL®! in nitromethane afforded amine 55 in 58%
yield.

Retrosynthesis of Segment C (6)

It has been proposed by Floss and co-workers®! that the 4-
(1-hydroxyethyl)quinoline-2-carboxylic acid was an inter-
mediate in the biosynthesis of thiostrepton. We were inter-
ested in their chemical synthesis from quinoline-2-carboxylic
acid.®! This synthetic process was applied to the early stage
of our synthesis of segment C (6), but with slight modifica-
tions.

The retrosynthetic analysis of segment C (6) is shown in
Scheme 12. The regioselective opening of epoxide 56 with
the L-valine derivative 57, like the biosynthetic pathway of
the quinaldic acid portion,® would afford segment C (6).
Epoxide 56 would be obtained by the chemo- and diastereo-
selective reduction of methyl ketone 58, which would be de-
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Scheme 12. Retrosynthetic analysis of segment C (6).

rived from 5,6-dihydroquinoline 59 by the asymmetric epox-
idation and bromination. The 7,8-double bond in 59 would
be constructed through the Boekelheide rearrangement
from the 5,6,7,8-tetrahydroquinoline derivative 60, of which
the acetyl group would be introduced by the radical hetero-
aromatic substitution reaction of 61. The modified Reissert—
Henze reaction of the 5,6,7,8-tetrahydroquinoline (62) gave
61.

Construction of the hydroxyethyl portion: the first
route:>Y We have previously synthesized the dihydroquino-
line segment C (66) of siomycin D, with the hydroxymethyl
group instead of the hydroxyethyl group (Scheme 13).1%"!
Aldehyde 63 derived from 5,6,7,8-tetrahydroquinoline (62)
was transformed into alcohol 64, which was subjected to the
regioselective epoxide-opening reaction™ with the L-valine
derivative 65 in the presence of LiClO," to afford 66. The
intermediate aldehyde 63 (91% ee) was the starting sub-
stance for our first route. The diastereoselective methylation
of aldehyde 63 was examined under a variety of conditions
and the relevant results are shown in Table 1. In the case of
the methylation using MeMgBr, toluene was a better solvent
than ether (Table 1, entries 1 and 2). As an additive, hexa-
methylphosphoramide (HMPA) was better than 1,3-dimeth-
yl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone ~ (DMPU)  and
N,N,N',N'-tetramethylethylenediamine (TMEDA; Table 1,
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see l

LiCIO4, MeCN, 70 °cl
see Ref. [13b]

HO
segment C (66) of siomycin D¢

Scheme 13. Previous synthesis of segment C (66) of siomycin D;. Bn=
benzyl.

Table 1. Diastereoselective addition of methyl group to aldehyde 63.1*

o} H
-78°C 2,0

05h
63 MeO

Entry Reagent Additive Solvent Ratio™ of 67/68/63
1 MeMgBr - Et,O 30:14:56

2 MeMgBr - toluene 56:28:16

3 MeMgBr HMPA toluene 68:18:14

4 MeMgBr DMPU toluene 21:14:65

5 MeMgBr TMEDA toluene Ll

6 MeLi - THF 41:13:46

7 MeLi HMPA THF 35:8:57

[a] 1.1 equiv of methylating reagent was added at —78°C to a solution of
1.0 equiv of 63 in solvent in the presence or absence of 1.1 equiv of addi-
tive. [b] The ratio was based on 'H NMR analysis of the crude products.
[c] Multispot on TLC.

entries 3-5). MeLi was less effective than MeMgBr (Table 1,
entries 2, 3, 6, and 7). The best conditions to introduce the
methyl group to aldehyde 63 on a 100-mg scale were as fol-
lows (Table 1, entry 3): 1.1 equiv of 3m MeMgBr in Et,O
was added at —78°C to a solution of 1.0 equiv 63 and
1.1 equiv HMPA in toluene. After 0.5 h at —78°C, the de-
sired addition product 67 was obtained in 48 % yield togeth-
er with the undesired diastereomer 68 (15 %) and the recov-
ered 63 (20%). The configuration of the newly formed
chiral center in 67 was determined by the transformation of
67 into the quinoline derivative 69 by dehydrobromination
with 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU), aromatiza-
tion under acidic conditions, and methyl ether formation
with CH,N, (Scheme 14). The obtained 69 was identical to
the degradation product derived from thiostrepton® and
siomycin A The configuration at the C5 position in 63
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1. DBU, THF, RT Q OMe

H 2. 1magHCLRT  peo

3. CHaNp, MeOH, RT
83% (3 steps)

69

Scheme 14. Structure determination of 67. DBU =1,8-diazabicyclo-
[5.4.0]undec-7-ene.

plays a key role in the diastereoselectivity of this reaction,
the details of which will be discussed later. Although the hy-
droxyethyl-bearing dihydroquinoline substructure was se-
cured at this stage, the synthetic route to 67 from 62 was
lengthy and the total yield was not satisfactory. Therefore,
we investigated a new route including the diastereoselective
reduction of a methyl ketone function.

Construction of the hydroxyethyl portion: the second
route including a new olefination at the C7-C8 position of
5,6,7,8-tetrahydroquinoline:'*! Methyl ester 61™**! was ace-
tylated under the radical heteroaromatic substitution condi-
tions®®! to afford 60 in 84% yield (Scheme 15), which was

0] o}
MeQO N | MeQO N ‘
X MeCHO, H,0, TFA X
61 FeS04+7H,0
aq Hy0,, 0 °C to RT o
84% 60

MCPBA, CH,Cl,
0°C to RT, 88%

o} OR o} (‘f
N N

eO - | MeO “ ‘
N TFAA, THF, RT X

71:R= COCF3 ] NaOMe, MeOH, RT
72:R=H =~ 52% (2 steps)

DBU see Table 2
22%

Scheme 15. Synthesis of 59. MCPBA =3-chloroperoxybenzoic acid,
TFAA =trifluoroacetic anhydride.

oxidized to N-oxide 70 with 3-chloroperoxybenzoic acid
(MCPBA) in 88% yield. According to our reported proce-
dure,™! N-oxide 70 was next subjected to the Boekelheide
rearrangement’? with trifluoroacetic anhydride (TFAA) fol-
lowed by hydrolysis of the resulting trifluoroacetate 71 with
sodium methoxide in one pot to afford 72 in 52% yield. In
our previous synthesis of the siomycin D, segment C
(66),**! the olefin function at the C7-C8 position was intro-
duced in a moderate yield by treatment of the alcohol corre-
sponding to 72 with the Burgess reagent. We expected that
the C7-C8 double bond could be directly obtained from 71
under nonprotic conditions. It was found that the one-pot
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treatment of 71 with three equivalents of DBU at room tem-
perature for 20 min afforded the elimination product 59,
albeit in low yield (22 %). Furthermore, the following three
experimental results have been reported (Scheme 16):

0 TsCl OTs Cl

N benzene N N
= | heat = ‘ “ |
AN NS N

.- TH,0

O oo,  OF
2N | 20°c N ‘
N N oTf

TR0 SO,CF3 OS(O)CF3

cCly

Scheme 16. Precedent reactions of pyridine or pyridine N-oxide with sul-
fonic acid derivatives.

1) Matsumura reported that 2-picoline N-oxide was trans-
formed with tosyl chloride into 2-chloromethylpyridine via
2-tosyloxymethylpyridine;™! 2) picoline N-oxides reacted
with Tf,0 at —20°C to give the stable N-sulfonyloxy triflate
salts;7 and 3) 2,6-dimethylpyridine reacted with Tf,0 to
afford the compound in which a methyl hydrogen atom was
replaced by a [(trifluoromethyl)sulfinyljoxy group.” En-
couraged by these results, we anticipated that using Tf,0 in-
stead of TFAA in the Matsumura-Boekelheide rearrange-
ment would more efficiently afford the elimination product
59. The relevant experimental data along this line are shown
in Table 2. The treatment of 70 in CH,Cl, with Tf,O and the
consecutive addition of 2,6-lutidine or iPr,NEt expectedly
afforded the elimination product 59 (Table 2, entries 1 and
2). Interestingly, but unexpectedly, deoxygenation of N-
oxide 70 to 60 accompanied this reaction. Fortunately, we
found that dilution of iPr,NEt in CH,Cl, raised the ratio of
59/60 from 3.8:1 to 5.6:1 (Table 2, entries 2 and 3). Triethyl-
amine was found to be a more suitable base; the ratio was
improved to 10:1 (Table 2, entry 4). Finally, the best result
was obtained by the slow addition of a 0.45m CH,Cl, solu-
tion of triethylamine to a solution of 70 and Tf,O in CH,Cl,,
producing only 59 in 98% yield (Table 2, entry 6). To the
best of our knowledge, this is the first example of using
Tf,0O in the Matsumura—-Boekelheide rearrangement.
Although the reaction mechanism for the accompanied
deoxygenation remains to be solved,” that for the olefina-
tion using Tf,0 and a base by the Matsumura-Boekelheide
rearrangement seems to be probable, as depicted in
Scheme 17. In the case of the Boekelheide rearrangement
using TFAA," the first step is the trifluoroacetylation of N-
oxide 70 to give 73. The trifluoroacetate anion abstracts the
proton to give the unstable intermediate 74, which under-
goes rearrangement to give 71; then the basic hydrolysis of
71 finally affords alcohol 72. For the Tf,O case, N-oxide 70
is sulfonylated to give 75, which is a stable trifluoromethane-
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Table 2. One-pot olefination of 70 via the Matsumura-Boekelheide rear-
rangement.

(0] OI (0]
Meo” N | 1. THO (1.2 equiv), CHClp 0°C  peo” 2N ‘
X 2. base, 0 °C, time 1 X
3. RT, time 2
O (0]
70 59
(@]
N
+ MeO - ‘
x
(¢]
60
Entry Base Time 1 Time 2  Yield of Ratio! of
[min]® [ 59460 [%]"  59/60
1 2,6-lutidine — 4 63 2.8:1
2 iPr,NEt —d 4 54 3.8:1
3 2.0m iPr,NEt/ 10 5 66 5.6:1
CH,Cl,
4 2.0m Et;N/ 10 5 58 10:1
CH,Cl,
5 0.45m Et;N/ 30 5 74 59 only
CH,Cl,
6 0.45m Et;N/ 60 5 98 59 only
CH,Cl,

[a] To a solution of 70 (1.0 equiv) in CH,Cl, was added Tf,0O (1.2 equiv)
at 0°C, then a base (5.0 equiv) was added at 0°C over time 1, and then
the mixture was stirred at room temperature for time 2. [b] Yield of iso-
lated product (59+60) after silica-gel column chromatography. [c] The
ratio was based on '"HNMR analysis of the isolated products. [d] Less
than one minute.

sulfonyloxy salt.” The purposely added base abstracts the
proton to give the unstable intermediate 76, which would
undergo rearrangement to give 77; finally, $-elimination of
77 affords olefin 59.

Next, we turned our attention to an asymmetric epoxida-
tion. Olefin 59 was treated with Jacobsen’s reagent 781>
in the presence of sodium hypochlorite as the oxidant, re-
sulting in decomposition. In this reaction, by using iodoso-
benzene instead of sodium hypochlorite, epoxide 79 was ob-
tained in 54 % yield together with an 18 % yield of the quin-
oline derivative 80 (Scheme 18). The enantiomeric excess of

M. Nakata, K. Hashimoto et al.

79 was determined to be 75% by chiral HPLC analysis. In
contrast, using Katsuki’s reagent 817 raised both the yield
of isolated 79 and its enantiomeric excess to 73 % and 82 %,
respectively, without the formation of 80. The absolute con-
figuration of 79 was determined in the next stage. Bromina-
tion of 79 with N-bromosuccinimide (NBS) in CCl, afforded
58 in 67 % yield together with an 11 % yield of its diastereo-
mer 82. The absolute configuration of 58 (and hence 79) was
confirmed by an X-ray crystallographic analysis
(Scheme 18).7 The crucial selective reduction of the methyl
ketone function in 58 was conducted under a variety of con-
ditions and the results are compiled in Table 3. DIBAL and
LiBH(sBu); preferentially reduced the ester function
(Table 3, entries 1 and 2) to give 83 and 84. Treatment of 58
with NaBH, in MeOH at —78°C for 19 h afforded a 96:4
mixture of the desired reduction product 67 and its stereo-
isomer 68, from which 67 was isolated in 95% yield
(Table 3, entry 3). Other reducing reagents, BH; THF, 9-
BBN, Zn(BH,),, and Me,NHB(OAc);, provided no better
selectivity and yield (Table 3, entries 4-7). The fact that the
compound 67 derived from aldehyde 63 (Table 1) was iden-
tical to that derived from methyl ketone 58 confirmed the
structure of 63, which had not previously been determi-
ned.[1

The diastereoselectivity observed in the addition reactions
to aldehyde 63 and methyl ketone 58 may be interpreted as
follows (Figure 5). Aldehyde 63, coordinated with the metal
species under the stated reaction conditions, seems to prefer
the conformation depicted as A rather than conformation B
because of steric crowding. The attack of a methyl anion
seems to occur from the Si face of the aldehyde plane to
avoid the bromine atom, affording the major isomer 67. In
contrast, the carbonyl and pyridine planes of methyl ketone
58 seem to be twisted to avoid the steric repulsion found in
conformations C and D. Among the two conformations E
and F, the former would be preferable to the latter from the
viewpoint of the dipole—dipole interaction. This argument is
supported by an X-ray crystallographic analysis of 58
(Scheme 18). The hydride attack seems to occur from the
Re face of the carbonyl plane, affording the major isomer
67.

CF3 CF3 CF3
A PN A
oo o o 0”0 OH
. % QM oLcRs ¢ ) 1
R|N0 RlN RIN\ Base RlN\
B (CF3C0),0 & = = hydrolysis P
2 2 2 2
1 o / R R R R
R\RN;\O 73 74 71 72
|
=
03SCF;
R2 O\\S/CFa ' CF FSC\S/,O
7 (CF380220™ Q1" Op ‘Base .9 . 970 1
1 , R | Na 2 R | R | Ny Base RI_N |
RO=COMe RE=he / = = pelimination X
R® R? R2 R2
75 76 77 59

Scheme 17. Mechanisms for the Boekelheide rearrangement and for one-pot olefination via the Matsumura-Boekelheide rearrangement.
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Q conditions a: 78, 4-phenylpyridine 9 H NBS, AIBN, CCl,
MeO N | N-oxide, PhlO, CH3CN, —-10 °C MeO ~H 140w sun lamp  MeO
X conditions b: 81, 4-phenylpyridine 60 °C
N-oxide, PhlO, CH3CN, —10 °C 58:67%
(¢ o] 82: 11%
59 79
conditions a: 54% of 79 (75% ee), 18% of 80
conditions b: 73% of 79 (82% ee)
HQ‘H
=N, N= N
M, |
Bu O ¢ ©O Bu 2
tBu tBu 0 Jos
78 80

Scheme 18. Synthesis and structure determination of 58. NBS = N-bromosuccinimide, AIBN =2,2"-azobisisobutyronitrile.

Table 3. Diastereoselective Reduction of 58.

tion. After investigating a varie-
ty of reaction conditions that
will be precisely discussed in
the accompanying article, it
was found that Yb(OTf); was
more suitable for this coupling
reaction; 1.0 equiv of dihydro-
quinoline 56 (75% ee) was cou-
pled with 2.0 equiv of L-valine
9-fluorenylmethyl (Fm) ester
57%2 in the presence of a cata-
lytic amount (0.2 equiv) of Yb-

(OTf)3 in 1:2 CH2C12—H20 at

Entry Reagents (equiv) Solvent Temp [°C] Time [h] Ratio® of 67/68/83/84/58 Yield [%]™ of 67 ] ‘

1 DIBAL (1.1) CH,Cl, —78 2 ——13:6:81 - roorm temperature to give 87 m

2 LiBH(sBuw;(1.1)  THF  -78 2 11:-:56:-:33 - 48% yield together with a 7%

3 NaBH, (4.5) MeOH -78 19 96:4 95 yield of the diastereomer of 87

4 BH3~TI[{]F (1.0) THF  RT 6.5 80:10:=~:10 60 arising from the enantiomer of

2 ;B(?;I:I )(%'10;) EtHg (; 2o R ;2 ;2 17:——41 ;(6) resction 36, 2 6% yield of the regioiso-
n 4, (1. 5 17— o .

7 Me,NHB(OAc); (1.7) MeCN RT 20 71:6:—-23 49 mer of 87, and a 13% y‘elld of
- . - - - — the recovered 56. After silyla-

[a] The ratio was based on 'HNMR analysis of the crude products. [b] Yield of isolated 67 after silica-gel

column chromatography. [c] 9-BBN = 9-borabicyclo[3.3.1]nonane.

Comparing these two routes aimed at the preparation of
67, the first one consists of 15 steps from 62 to 67 in 1.8%
overall yield, and the second one consists of 10 steps in 14 %
overall yield. Therefore, through the second route, we could
obtain sufficient amounts of the hydroxyethyl-bearing dihy-
droquinoline substructure.

Synthesis of segment C (6):*!! After silylation of 67 with
tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTY)
and 2.,6-lutidine (82 % yield), the resulting silyl ether was
subjected to dehydrobromination with DBU to afford 85 in
95% yield (Scheme 19). Methyl ester 85 was treated with
potassium trimethylsilanolate®™ to afford carboxylic acid 86,
which was re-esterified with Boc,0™! to afford 56 in 86 %
yield. In the synthesis of the siomycin D; segment C (66;
Scheme 13), we used LiClO, for the epoxide-opening reac-
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tion of 87 with TBSOTf (96 %
yield), the tert-butyl ester was
deprotected with B-bromocate-
cholborane®! to give segment C (6) in 79 % yield.

Syntheses of Segments D (7) and E (4)"*1

The preparation of the B-phenylselenoalanine dipeptide seg-
ments D (7) and E (4), the masked precursors to the labile
dehydroalanine portions, started with the known Boc-L-
serine B-lactone 88®Y (Scheme 20). Phenylselenylation® of
88 using the procedure reported by us!'™! (PhSeH, DMF,
RT, 2 h) gave 89, which was treated with 9-fluorenylme-
thanol®™! and 1,3-dicyclohexylcarbodiimide (DCC) in the
presence of a catalytic amount of DMAP to give Fm ester
90 in 82% yield from 88. TFA treatment of 90 followed by
condensation with 89 using CIP*! HOAt, and iPr,NEt in
CH,CI, afforded 91 in 88% yield. Treatment of 91 with 3m
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Conformation of 63 coordinated with metal species

Figure 5. Plausible explanation for diastereoselectivity in addition reac-
tions to 63 and 58.

1. TBSOTf

(¢] H
H 2,6-lutidine .0
T CHClp, 0°C, 82% MeO

2. DBU, THF
RT, 95%

TBSO” “H
85

TMSOK, Et,0, 0 °cl

Boc,0, DMAP
BuOH, RT

86% (2 steps)

Zb(%m ﬁrOFm
HaClo—
H,O H2N

RT, 48% o

§7 1. TBSOTHf, 2,6-lutidine
CH,Cly, 0 °C, 96%
2. B-bromocatecholborane
CH,Cly, RT, 79%

TBSO™ “H
segment C (6)

Scheme 19. Synthesis of segment C (6). TMS = trimethylsilyl.
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1 HCI/ACOEL, RT lTFA—CHZCIz, RT

68% (5 steps)

SePh SePh
O H 4 O
FmO ~
m je\”J\( “seph HoN N%NHQ
o] NH, 0 HX

segment D (7) segment E (4)

Scheme 20. Syntheses of segments D (7) and E (4). DCC=1,3-dicyclo-
hexylcarbodiimide.

HCI/AcOEt provided segment D (7), which was used in the
next step without purification.

On the other hand, 89 was converted into the mixed anhy-
dride with CICO,Et, which was treated with aqueous ammo-
nia to afford the amide. Deprotection of the Boc group with
TFA followed by condensation with 89 using CIP,*! HOALt,
and iPr,NEt in CH,Cl, afforded 92, which was again treated
with TFA to give the side-chain segment E (4)'*< in 68 %
overall yield from 88.

Conclusions

We have synthesized the five practical segments for the total
synthesis of siomycin A, that is, the tetrasubstituted dehy-
dropiperidine segment A (5), the pentapeptide segment B
(3), the tetrasubstituted dihydroquinoline segment C (6),
and the B-phenylselenoalanine dipeptide segments D (7)
and E (4). Segment A (5) was constructed by the coupling
of the azomethine ylide derived from 11 and the chiral sulf-
inimine 12b, followed by the stereoselective reduction of
the six-membered imine function. Synthesis of piperidine 24
confirmed the configuration of the piperidine ring in thio-
peptin B,. Segment B (3) was synthesized by phenylselenyla-
tion of [-lactone 42, stereoselective vinylzinc addition to the
chiral sulfinimine 39, and oxazoline-thioamide conversion
method (32—51—52. Segment C (6) was prepared by the
one-pot olefination of 70 by Matsumura-Boekelheide rear-
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rangement using Tf,O and triethylamine to give 59, stereo-
selective reduction of the methyl ketone function in 58 con-
trolled by the stereocenter of the peri position, and regiose-
lective epoxide opening of 56 by amine 57 in the presence
of Yb(OTY);. Segments D (7) and E (4) were synthesized by
the coupling of the properly protected B-phenylselenoala-
nines. With all the important synthetic segments in hand, we
set about the total synthesis of siomycin A, which will be re-
ported in the following article.*!

Experimental Section

General

The melting points were determined on a micro-hot-stage Yanaco MP-S3
and were uncorrected. Optical rotations were measured on a JASCO
DIP-360 polarimeter. IR spectra were recorded on a JASCO FT IR-200
spectrometer. 'H and “C NMR spectra were measured on a JEOL GSX-
270 spectrometer, a JEOL LAMBDA 300 spectrometer, or a Varian
MERCURY plus 300 spectrometer. Chemical shifts of 'H NMR spectra
are expressed in ppm relative to TMS (0 ppm) in CDCI; or to the solvent
residual signal in CDCl; (7.26 ppm), CD;OD (3.31 ppm), (CD;),SO
(2.50 ppm), (CD;),CO (2.05 ppm), CD;CN (1.94 ppm), or 4:1 CDCl;-
CD;OD (7.38 ppm) as an internal standard unless otherwise noted.
Chemical shifts of *C NMR spectra are expressed in ppm relative to sol-
vent signal in CDCl; (77.00 ppm), CD;OD (49.00 ppm), (CD;),SO
(206.26 ppm), CD;CN (118.26 ppm), or [Dg]THF (24.55 ppm) as an inter-
nal standard unless otherwise noted. Low- and high-resolution mass spec-
tra were recorded on a JEOL GCmate (EI and FAB), JEOL Accu TOF
JMS-T100 LCS (ESI), or Bruker Ultraflex (MALDI). Silica-gel TLC and
preparative TLC (PTLC) were performed on a Merck 60F-254. Silica-gel
column chromatography was performed on a Fuji-Davison PSQ100B.
Air- and/or moisture-sensitive reactions were carried out under an atmos-
phere of argon with oven-dried glassware. In general, the organic sol-
vents were purified and dried by appropriate procedures, and evapora-
tion and concentration were carried out under reduced pressure below
30°C.

Thioamide cis-16: To a solution of cis-13 (5.00 g, 15.9 mmol) in MeOH
(40 mL), 1,4-dioxane (40 mL), and H,O (80 mL) at 0°C was added drop-
wise 1M aqueous NaOH (47.7 mL). The reaction mixture was stirred at
room temperature for 2h. AcOEt (200mL) and 1m aqueous HCI
(60 mL) were added to the solution and the mixture was extracted with
AcOEt (200 mL x3). The combined extracts were evaporated. The resi-
due was once again dissolved in AcOEt and the mixture was filtered
through celite. The filtrate was evaporated to afford the dicarboxylic acid
(3.57 g) as colorless solids. IR (CHCl;): #=1760, 1705, 1045, 1390 cm™';
'"HNMR (CDCly): §=10.05 (brs, 2H, CO,H), 4.59 (m, 1H, pyrrolidine
H-2), 443 (m, 1H, pyrrolidine H-5), 2.55-1.95 (m, 4H, pyrrolidine H-3,
H-4), 1.45 ppm (s, 9H, Boc); "CNMR (CDClL): 6=177.3, 175.5, 153.6,
82.9, 60.8, 59.8, 29.1, 28.8, 28.0 ppm; HRMS (EI): m/z [M—H,O]* calcd
for C;;H;sNOs: 241.0950; found: 241.0932. To a solution of this dicarbox-
ylic acid (6.70 g, 25.8 mmol) and NEt; (8.64 mL, 62.0 mmol) in dry THF
(260 mL) at 0°C under Ar atmosphere was slowly added CICO,Et
(5.44 mL, 56.9 mmol). The solution was stirred at room temperature for
1h. To the reaction mixture was introduced dry NH; gas for 10 min.
Then the solvent was evaporated and the residue was chromatographed
on silica gel (30-50% EtOH/hexane) to afford the dicarboxamide
(3.77 g) as solids. These solids contain ammonium chloride but can be
used for the next reaction without further purification. 'H NMR
(CD;0OD): 6 =4.45-4.16 (m, 2H, pyrrolidine H-2, H-5), 2.46-2.19 (m, 2H,
pyrrolidine H-3, H-4), 2.13-1.90 (m, 2H, pyrrolidine H-3, H-4), 1.44 ppm
(s, 9H, Boc). To a solution of this dicarboxamide (3.77 g) in dry 1,4-diox-
ane (70 mL) under Ar atmosphere was added Lawesson’s reagent (6.52 g,
16.1 mmol). The mixture was stirred at 90°C for 1.5 h. The solvent was
evaporated and then saturated aqueous NaHCO; (100 mL) was added to
the residue. The mixture was extracted with AcOEt (150 mLx3). The
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combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50-80%
AcOEt/hexane) to afford cis-16 (2.84 g, 33% from cis-13) as solids: R;=
0.54 (90% AcOEt/hexane); m.p. 114-115°C; IR (KBr): #=3300, 3130,
1685, 1630, 1440, 1390, 1365, 1245, 1160 cm™"; 'H NMR ((CD;),CO): 6=
9.94 (brs, 1H, NH,), 9.70 (brs, 1H, NH,), 9.03 (brs, 2H, NH,), 4.75-4.60
(m, 2H, pyrrolidine H-2, H-5), 2.46-2.25 (m, 2H, pyrrolidine H-3, H-4),
220-1.98 (m, 2H, pyrrolidine H-3, H-4), 1.39ppm (s, 9H, Boc);
BCNMR ((CD3),CO): 6=210.9, 209.9, 154.5, 81.0, 69.4, 33.5, 33.1,
282 ppm; HRMS (El): m/z [M]* caled for C;;H;N;O,S,: 289.0919;
found: 289.0926.

Thioamides trans-16 and cis-16: To a solution of trans-13 (731 g,
23.2 mmol) in MeOH (60 mL), 1,4-dioxane (80 mL), and H,O (120 mL)
at 0°C was added dropwise 1M aqueous NaOH (69.6 mL, 69.6 mmol).
The reaction mixture was stirred at room temperature for 3 h. AcOEt
(50 mL) and 1™ aqueous HCI (100 mL) were added to the solution and
the mixture was extracted with AcOEt (200 mL x3). The combined ex-
tracts were evaporated. The residue was once again dissolved in AcOEt
and the mixture was filtered through celite. The filtrate was evaporated
to afford the dicarboxylic acid (5.87 g) as colorless solids. IR (CHCl):
#=1725, 1700, 1420, 1045cm™'; '"HNMR (CD,0OD): 0=4.46-4.32 (m,
2H, pyrrolidine H-2, H-5), 2.42-2.22 (m, 2H, pyrrolidine H-3, H-4), 2.13—
1.95 (m, 2H, pyrrolidine H-3, H-4), 1.43 ppm (s, 9H, Boc); “C NMR
(CD;0D): 6=176.2, 175.9, 155.6, 82.0, 61.0, 60.6, 30.0, 29.2, 28.5 ppm;
HRMS (El): m/z [M]* caled for C;;H;NOg: 259.1056; found: 259.1077.
To a solution of this dicarboxylic acid (5.87 g, 22.6 mmol) and NEt,
(7.56 mL, 54.2 mmol) in dry THF (226 mL) at 0°C under Ar atmosphere
was slowly added CICO,Et (4.75mL, 49.7 mmol). The solution was
stirred at room temperature for 1.5 h. To the reaction mixture was intro-
duced dry NH; gas for 10 min. The solvent was evaporated and the resi-
due was chromatographed on silica gel (50% EtOH/hexane) to afford
the dicarboxamide (4.26 g) as solids. These solids contain ammonium
chloride but can be used for the next reaction without further purifica-
tion. 'HNMR (CD;0D): 0=4.48-4.32 (m, 2H, pyrrolidine H-2, H-5),
2.43-2.23 (m, 2H, pyrrolidine H-3, H-4), 2.26-1.84 (m, 2H, pyrrolidine
H-3, H-4), 1.44 ppm (s, 9H, Boc). To a solution of this dicarboxamide
(426 g) in dry 14-dioxane (83mL) was added Lawesson’s reagent
(7.37 g, 18.2 mmol) under Ar atmosphere. The mixture was stirred at
90°C for 1.5 h. The solvent was evaporated and then saturated aqueous
NaHCO; (100 mL) was added to the residue. The mixture was extracted
with AcOEt (200 mLx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (60-70 % AcOEt/hexane) to afford cis-16 (1.22 g,
16 % from trans-13) as solids and trans-16 (1.04 g, 19% from trans-13) as
solids. trans-16: R;=0.43 (90% AcOEt/hexane); m.p. 257-258°C; IR
(KBr): #=3370, 3320, 3200, 3150, 1705, 1675, 1640, 1620, 1430, 1380,
1365, 1255, 1160 cm™'; '"HNMR ((CD;),CO): 0=8.88-8.52 (brm, 4H,
NH, x2), 4.96-4.86 (m, 2H, pyrrolidine H-2, H-5), 2.72-2.50 (m, 2H, pyr-
rolidine H-3, H-4), 1.98-1.81 (m, 2H, pyrrolidine H-3, H-4), 1.38 ppm (s,
9H, Boc); "CNMR (CD;COCD;): 6=211.4, 210.6, 154.3, 80.3, 69.0,
68.7,32.7, 31.8, 28.5 ppm; HRMS (EI): m/z [M]* calcd for C;H;sN;0,S,:
289.0919; found: 289.0919.

Pyrrolidines cis-17 and trans-17 from cis-16: To a solution of cis-16
(1.22 g, 422 mmol) in dry EtOH (42mL) in Ar atmosphere was added
85% ethyl bromopyruvate (1.25mL, 8.44 mmol). The mixture was
heated at reflux for 2 h. The solvent was evaporated and then saturated
aqueous NaHCO; (50 mL) was added to the residue. The mixture was ex-
tracted with AcOEt (50 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (5-10% acetone/hexane) to afford cis-17 (983 mg,
61%) as solids and trans-17 (268 mg, 17%) as solids. cis-17: R;=0.26
(10% acetone/CHCL;); m.p. 112-113°C; IR (CHCL;): v=1720, 1490,
1320, 1290, 1100 cm™'; '"H NMR (CDCl;): =8.12 (s, 2H, thiazole H-5),
490 (m, 2H, pyrrolidine H-2, H-5), 443 (q, 4H, J=7.1Hz,
CO,CH,CHj;x2), 3.46 (brs, 1H, NH), 2.58-2.38 (m, 2H, pyrrolidine H-3,
H-4), 2.16-1.98 (m, 2H, pyrrolidine H-3, H-4), 1.41 ppm (t, 6H, J=
7.1 Hz, CO,CH,CH;x2); "CNMR (CDClL): 6=179.3, 161.5, 147.5,
127.3, 61.3, 59.9, 34.1, 143 ppm; HRMS (EI): m/z [M]* caled for
C,¢HoN;0,S,: 381.0817; found: 381.0801; elemental analysis (%) calcd
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for C,sH;yN;O,S,: C50.38, H5.02, N11.02, S16.81; found: C50.24,
H 4.99, N 11.03, S 16.89. trans-17: R;=0.47 (10% acetone/CHCIl;); m.p.
149-150°C; IR (CHCLy): #=1720, 1485, 1375, 1320, 1100 cm™'; 'H NMR
(CDCl,): 6=8.11 (s, 2H, thiazole H-5), 4.96-4.88 (m, 2H, pyrrolidine H-
2, H-5), 442 (q, 4H, J=7.2Hz, CO,CH,CH;x2), 3.06 (brs, 1H, NH),
2.56-2.37 (m, 2H, pyrrolidine H-3, H-4), 2.22-2.04 (m, 2H, pyrrolidine
H-3, H4), 1.41ppm (t, 6H, J=72Hz, CO,CH,CH;x2); “CNMR
(CDCLy): 0=177.5, 161.4, 147.2, 127.4, 61.4, 59.5, 33.1, 14.3 ppm; HRMS
(EI): m/z [M]* caled for CigHoN;O,S,: 381.0817; found: 381.0844, ele-
mental analysis (%) calcd for C;H;)N;O,S,: C50.38, H5.02, N 11.02,
S 16.81; found: C 50.65, H 5.28, N 10.80, S 16.76.

Pyrrolidines trans-17 and cis-17 from trans-16: To a solution of trans-16
(1.04 g, 3.60 mmol) in dry EtOH (36 mL) in Ar atmosphere was added
85% ethyl bromopyruvate (1.06 mL, 7.20 mmol). The mixture was
heated at reflux for 2 h. The solvent was evaporated and then saturated
aqueous NaHCOj; (50 mL) was added to the residue. The mixture was ex-
tracted with AcOEt (50 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (5-10% acetone/hexane) to afford trans-17
(441 mg, 32 %) as solids and cis-17 (443 mg, 32 %) as solids.

Dehydropyrrolidine 11 from cis-17: To a solution of cis-17 (741 mg,
1.94 mmol) in dry THF (20mL) at —78°C under Ar atmosphere was
added dropwise tert-butyl hypochlorite (0.231 mL, 2.04 mmol). The solu-
tion was stirred for 20 min and then NEt; (1.08 mL, 7.77 mmol) was
added. The temperature was raised to room temperature and the reaction
mixture was stirred for 4 h. The reaction was quenched with saturated
aqueous Na,S,0; (1 mL) and saturated aqueous NaHCO; (30 mL). The
mixture was extracted with AcOEt (50 mL x3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (60% AcOEt/hexane) to afford
11 (701 mg, 95%) as colorless solids: m.p. 144-146°C; IR (CHCL): 7=
1725, 1045 cm™"; '"H NMR (CDCl,): 6=38.33 (s, 1 H, thiazole H-5), 8.14 (s,
1H, thiazole H-5), 5.72 (dd, J=17.5, 7.5 Hz, 1 H, pyrrolidine H-5), 4.46 (q,
J=71Hz, 2H, CO,CH,CH;), 444 (q, J=7.1Hz, 2H, CO,CH,CH,),
3.55-3.37 (m, 1H, pyrrolidine H-3), 3.37-3.19 (m, 1H, pyrrolidine H-3),
2.95-2.75 (m, 1H, pyrrolidine H-4), 2.44-2.23 (m, 1H, pyrrolidine H-4),
143 (t, J=71Hz, 3H, CO,CH,CH;), 142ppm (t, J=7.1Hz, 3H,
CO,CH,CH,); "CNMR (CDCL): 6=173.3, 171.8, 163.4, 161.3, 160.9,
148.4, 1472, 130.7, 127.4, 74.4, 61.6, 61.4, 36.0, 30.4, 14.3, 14.2 ppm;
HRMS (El): m/z [M]* caled for C;H;;N;O,S,: 379.0660; found:
379.0661; elemental analysis (%) calcd for C,sH;N;0,S,: C 50.65, H 4.52,
N 11.07, S 16.90; found: C 50.63, H 4.34, N 11.10, S 16.84.

Dehydropyrrolidine 11 from trans-17: To a solution of trans-17 (426 mg,
1.12 mmol) in dry THF (11 mL) at —78°C under Ar atmosphere was
added tert-butyl hypochlorite (0.132 mL, 1.17 mmol). The solution was
stirred for 20 min and then NEt; (0.624 mL, 4.48 mmol) was added. The
temperature was raised to room temperature and the reaction mixture
was stirred for 4 h. The reaction was quenched with saturated aqueous
Na,S,0; (1 mL) and saturated aqueous NaHCO; (10 mL). The mixture
was extracted with AcOEt (20 mLx3). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated. The residue
was chromatographed on silica gel (60% AcOEt/hexane) to afford 11
(321 mg, 76 %) as colorless solids.

Thiazole aldehyde 14: To a solution of 19 (800 mg, 3.12 mmol) in dry tol-
uene (21 mL) at —78°C under Ar atmosphere was added DIBAL (1.0m
in toluene, 10.0 mL, 10.0 mmol). The reaction mixture was stirred at
room temperature for 1.5h. The reaction was quenched with H,O
(50 mL), followed by addition of pottasium sodium tartrate tetrahydrate
(8.81 g, 31.2 mmol). The mixture was stirred until the emulsion disap-
peared. The mixture was extracted with AcOEt (50 mLx3). The com-
bined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50-70%
acetone/hexane) to afford the alcohol (578 mg, 86%) as a syrup [a]n
—22.0 (¢ 1.00, CHCL); IR (neat): 7#=3280, 1750, 1385, 1300, 1235, 1205,
1110, 1060, 980 cm™'; '"H NMR (CDCl;): §=7.29 (brs, 1H, NH), 7.23 (s,
1H, thiazole H-5), 4.83 (dd, 1H, J=1.2, 6.3 Hz, oxazolidine H-4), 4.70
(brs, 2H, CH,OH), 4.62 (dq, 1H, J=6.3, 6.3 Hz, oxazolidine H-5), 3.87
(brs, 1H, OH), 1.57 ppm (d, 1H, J=6.3 Hz, oxazolidine 5-Me); >*C NMR
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(CDCl,): 6=170.4, 158.8, 157.1, 116.0, 80.0, 61.0, 60.3, 19.8 ppm; HRMS
(EI): m/z [M]* caled for CgH (N,O;S: 214.0412; found: 214.0411. This al-
cohol (402 mg, 1.88 mmol) and CMD (2.45¢) in AcOEt (9 mL) and
CH,Cl, (9 mL) were stirred at room temperature for 20 h. The suspen-
sion was filtered through celite and the filter cake was washed with
AcOEt. The filtrate and washings were concentrated. The residue was
chromatographed on silica gel (50% acetone/hexane) to afford 14
(340 mg, 85%) as a pale yellow syrup: [a]5 —54.0 (¢ 1.00, CHCL); IR
(neat): #=1750, 1695, 1490, 1390, 1300, 1230, 1130, 1110, 1065 cm™;
'HNMR (CDCL): §=9.96 (s, 1 H, CHO), 8.25 (s, 1 H, thiazole H-5), 7.48
(brs, 1H, NH), 4.99 (dd, J=1.1, 6.1 Hz, 1 H, oxazolidinone H-4), 4.69 (dt,
J=6.1, 6.1 Hz, 1H, oxazolidinone H-5), 1.64 ppm (d, J=6.1 Hz, 3H, oxa-
zolidinone 5-Me); *C NMR (CDCl;): 0=184.1, 172.2, 158.8, 155.3, 129.2,
79.8, 60.9, 19.9 ppm; HRMS (EI): m/z [M]* caled for CgHgN,O;S:
212.0256; found: 212.0254.

Adduct 21: A solution of 14 (336 mg, 1.58 mmol), 15b (245 mg,
1.58 mmol), LiClO, (1.40 g, 13.2 mmol), and NEt; (1.84 mL, 13.2 mmol)
in dry THF (13 mL) was stirred at room temperature for 5 h under Ar at-
mosphere to form 12b. The temperature was cooled to —40°C and then
11 (500 mg, 1.32 mmol) was added to the above solution. The mixture
was stirred at —25°C for 1 day. The reaction mixture was quenched with
H,O (20 mL) and extracted with AcOEt (20 mL x3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (85-100% AcOEt/
hexane) to afford 21 (678 mg, 71 %) as colorless solids and its diastereo-
mer (166 mg, 17%) as colorless solids. 21: m.p. 110-111°C; [a]3) —134.8
(¢ 1.00, CHCLy); IR (CHCL): #=1765, 1730, 1480, 1420, 1340, 1100,
1050 cm™; "H NMR (CDCly): =8.32 (s, 1 H, thiazole H-5), 7.95 (s, 1H,
thiazole H-5), 7.45 (d, J=8.4 Hz, 2H, toluene), 7.28 (d, J=8.4 Hz, 2H,
toluene), 6.79 (s, 1H, thiazole H-5), 6.70 (d, /=12 Hz, 1H, oxazolidi-
none NH), 5.79 (d, /J=8.7Hz, 1H, NHSO), 494 (d, /J=8.7Hz, 1H,
CHNHSO), 4.77 (dd, J=1.2, 6.6 Hz, 1H, oxazolidinone H-4), 4.51 (dq,
J=6.6, 6.6Hz, 1H, oxazolidinone H-5), 443 (q, /J=72Hz, 2H,
CO,CH,CH3;), 439 (q, /J=7.2Hz, 2H, CO,CH,CH3;), 3.22-3.06 (m, 2H,
pyrrolidine H-3x2), 2.66-2.46 (m, 2H, pyrrolidine H-4x2), 2.43 (s, 3H,
toluene), 1.62 (d, /=6.6 Hz, 3H, oxazolidinone 5-Me), 1.42 (t, /J=7.2 Hz,
3H, CO,CH,CH,), 1.39 ppm (t, J=7.2 Hz, 3H, CO,CH,CH,); *C NMR
(CDCLy): 0= 1744, 172.0, 168.7, 163.0, 161.2, 160.8, 158.2, 154.7, 148.5,
146.7, 141.6, 140.6, 130.9, 129.6, 128.0, 125.5, 116.5, 86.2, 79.7, 61.7, 61.4,
61.2, 59.3, 36.8, 31.8, 21.3, 19.7, 14.2 ppm; HRMS (FAB): m/z [M+H]*
caled for C;H33NgO5S,: 729.1293; found: 729.1302. Diastereomer of 21:
"H NMR (CDCl,): 6=38.35 (s, 1 H, thiazole H-5), 8.09 (s, 1 H, thiazole H-
5), 7.17-7.08 (m, 4H, toluene), 7.07 (s, 1H, thiazole H-5), 6.31 (brs, 1H,
oxazolidinone NH), 597 (d, /=104 Hz, 1H, NHSO), 475 (d, J=
10.4 Hz, 1H, CHNHSO), 4.60 (dd, J=6.0, 1.4 Hz, 1H oxazolidinone H-
4), 4.56-4.37 (m, 4H, CO,CH,CH;x2), 4.32 (dq, J=6.0, 6.0 Hz, 1 H, oxa-
zolidinone H-5), 3.09-2.95 (m, 1H, pyrrolidine H-3), 2.62-2.48 (m, 1H,
pyrrolidine H-3), 2.46-2.14 (m, 2H, pyrrolidine H-4 x2), 2.39 (s, 3H, tolu-
ene), 1.44 (t, J=7.0Hz, 3H, CO,CH,CH;), 140 (t, J=7.0Hz, 3H,
CO,CH,CHs;), 1.22 ppm (d, J=6.0 Hz, 3H, oxazolidinone 5-Me).
Aminopiperidine 8: To a solution of 21 (500 mg, 6.86x 10~! mmol) in dry
EtOH (7mL) at 0°C under Ar atmosphere was added TFA (0.264 mL,
3.43 mmol). The solution was stirred at room temperature for 1 h. The re-
action was quenched with aqueous NaHCO; (5 mL) at 0°C. The mixture
was extracted with AcOEt (5 mL x3). The combined extracts were dried
over Na,SO,, filtered through celite, and evaporated to afford a mixture
of 9 and 10. This mixture and AcOH (0.393 mL, 6.86 mmol) were dis-
solved in dry EtOH (4 mL). To the mixture at 0°C was added NaBH;CN
(129 mg, 2.06 mmol) in dry EtOH (3mL). The reaction mixture was
stirred at room temperature for 2 h. The reaction was quenched with
aqueous NaHCO; (7 mL) at 0°C. The mixture was extracted with AcOEt
(5mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated. The residue was chromatographed on
silica gel (90-100% AcOEt/hexane) to afford 8 (213 mg, 52%) as color-
less solids: m.p. 86-87°C; [a]}y +94.3 (¢ 1.00, CHCL); IR (CHCL): 7=
1760, 1720, 1480, 1390, 1365, 1340, 1320, 1300, 1100, 1050, 1025 cm™;
"H NMR (CDCLy): 6 =38.14 (s, 1 H, thiazole H-5), 7.95 (s, 1 H, thiazole H-
5), 6.98 (s, 1H, thiazole H-5), 6.92 (brs, 1H, oxazolidinone NH), 4.85 (s,
1H, piperidine H-6), 4.76 (dd, /=12, 6.3 Hz, 1H, oxazolidinone H-4),
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4.52-4.34 (m, 2 H, piperidine H-2, oxazolidinone H-5), 4.40 (q, /J=7.2 Hz,
2H, CO,CH,CHj;), 439 (q, /=72 Hz, 2H, CO,CH,CHj;), 2.78-2.40 (m,
1H, piperidine H-4f), 2.38-2.22 (m, 1H, piperidine H-3), 2.19-1.96 (m,
2H, piperidine H-4a,, H-3), 1.53 (d, J=6.3 Hz, 3H, oxazolidinone 5-Me),
1.39 ppm (t, J=7.2Hz, 6H, CO,CH,CH;x2); "CNMR (CDCl): 6=
181.6, 173.7, 169.3, 161.6, 161.3, 158.3, 154.2, 147.3, 146.7, 127.5, 127.3,
117.8, 79.6, 63.8, 61.5, 61.3, 61.0, 58.3, 58.2, 37.7, 28.1, 19.7, 14.3 ppm;
HRMS (FAB) m/z [M+H]" caled for C,,H,NgO¢S;: 593.1310; found:
593.1301.

Boc-alanylpiperidine 23: To a solution of 8 (262 mg, 4.42x10~! mmol),
DMAP (10.8mg, 8.84x10?mmol), and NEt; (0.0678 mL, 4.86x
107! mmol) in dry THF (4.4 mL) at 0°C under Ar atmosphere was added
Boc,0 (0.112 mL, 4.86 x 10" mmol). The solution was stirred at 0°C for
1 h. The reaction was quenched with H,O (4 mL) and the mixture was
extracted with AcOEt (4 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (80-90% AcOEt/hexane) to afford the Boc-oxa-
zolidinone (257 mg, 84 %) as colorless solids: [a]] +60.2 (¢ 1.00, CHCL);
IR (CHCLy): 7=1820, 1725, 1480, 1375, 1325, 1155, 1100, 1080, 1045,
1020 cm™'; '"H NMR (CDCl;) 6=8.15 (s, 1H, thiazole H-5), 7.96 (s, 1H,
thiazole H-5), 6.97 (s, 1H, thiazole H-5), 5.01 (d, J=4.5 Hz, 1H, oxazoli-
dinone H-4), 4.90 (s, 1H, piperidine H-6), 4.56 (dq, 1H, J=4.5, 6.6 Hz,
oxazolidinone H-5), 4.52-4.36 (m, 5H, piperidine H-2, CO,CH,CH;x2),
2.78-2.62 (m, 1H, piperidine H-4f), 2.46-2.30 (m, 1H, piperidine), 2.16—
1.96 (m, 2H, piperidine), 1.52 (d, J=6.6 Hz, 3H, oxazolidinone 5-Me),
1.46-1.37 (m, 6H, CO,CH,CH;x2), 1.42 ppm (s, 9H, Boc); C NMR
(CDClL): 6=181.6, 173.7, 166.9, 161.5, 161.4, 154.1, 150.8, 148.7, 1474,
147.0, 127.6, 127.2, 117.7, 84.7, 75.8, 63.8, 62.4, 61.5, 61.2, 58.3, 58.1, 37.9,
27.9, 27.8, 20.0, 143 ppm; HRMS (FAB): m/z [M+H]* caled for
CyH37NO4S5: 693.1835; found: 693.1839. To a solution of the above Boc-
oxazolidinone (245 mg, 3.54x10"' mmol), N-Boc-L-alanine 22 (134 mg,
7.08x107' mmol), HOAt (134mg, 7.08x107'mmol), and iPr,NEt
(0.278 mL, 1.59 mmol) in CH,Cl, (3.5mL) at room temperature under
Ar atmosphere was added CIP (197 mg, 7.08x 10" mmol). The solution
was stirred for 1 day and quenched with H,O (4 mL). The mixture was
extracted with AcOEt (4 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was dis-
solved in CHCI; and this was filtered through celite and the filtrate was
evaporated. The residue was chromatographed on silica gel (70-80%
AcOEt/hexane) to afford 23 (284 mg, 93%) as colorless solids: [a]
+20.9 (¢ 1.00, MeOH); IR (CHCL): #=1820, 1795, 1720, 1500, 1370,
1325, 1160, 1100, 1070, 1045 cm™'; '"H NMR (CDCl,): 6=8.54 (brs, 1H,
amide NH), 8.12 (s, 1 H, thiazole H-5), 7.84 (s, 1 H, thiazole H-5), 6.89 (s,
1H, thiazole H-5), 545 (br d, J=6.0Hz, 1H, BocNH), 517 (d, J=
2.7 Hz, 1H, oxazolidinone H-4), 5.03 (dq, J=2.7, 6.3 Hz, 1H, oxazolidi-
none H-5), 4.59 (s, 1H, piperidine H-6), 4.46 (dd, J=2.7, 10.1 Hz, 1 H, pi-
peridine H-2), 4.41 (q, /=7.2 Hz, 2H, CO,CH,CHy;), 4.40 (q, /=7.2 Hz,
2H, CO,CH,CHs;), 4.16 (dq, /=6.0, 6.6 Hz, 1H, Ala H-a), 3.51 (br d, J=
14.1 Hz, 1H, piperidine H-4a), 2.72 (ddd, /=14.1, 14.1, 3.4 Hz, 1H, pi-
peridine H-4f), 2.24 (brd, J=12.0Hz, 1H, piperidine H-3f), 2.01
(brddd, J=12.0, 14.1, 10.1 Hz, 1H, piperidine H-3a), 1.61 (d, /=6.3 Hz,
3H, oxazolidinone 5-Me), 1.46 (s, 9H, Boc), 1.45 (d, J=6.6 Hz, 3H, Ala
Me), 1.39 (t, J=7.2Hz, 4H, CO,CH,CH;x2), 1.30 ppm (s, 9H, Boc);
BCNMR (CDCL): 6=174.9, 1733, 173.0, 167.4, 161.4, 161.3, 155.3,
152.8, 151.3, 148.9, 146.8, 127.3, 127.1, 119.7, 85.4, 79.7, 75.8, 64.9, 61.5,
61.4, 61.3, 61.2, 58.0, 51.4, 30.7, 28.2, 28.1, 27.8, 27.4, 20.4, 18.7, 14.3 ppm;
HRMS (FAB): m/z [M+H]* caled for Cy;HsN,O,;S;: 864.2731; found:
864.2726.

Dehydropiperidine 25: To a solution of 23 (100 mg, 1.16x 10~ mmol) in
THF (1.2 mL) at —78°C under Ar atmosphere was added tert-butyl hypo-
chlorite (0.144 mL, 1.28 x 10" mmol). The solution was stirred for 30 min
and then DMAP (28mg, 23x10?mmol) and NEt; (0.162mL,
1.16 mmol) were added. The temperature was raised to room tempera-
ture and the reaction mixture was stirred for 5Sh. The reaction was
quenched with saturated aqueous Na,S,0; (1 mL) and saturated aqueous
NaHCO; (1 mL). The mixture was extracted with AcOEt (2 mL x3). The
combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (35-40%

30

acetone/hexane) to afford 25 (94.6 mg, 95%) as pale yellow solids: [al};
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+23.3 (¢ 1.00, CHCL); IR (CHCl;): #=1820, 1720, 1500, 1370, 1330,
1160, 1100, 1070, 1045 cm™; '"H NMR (CDCl,): 6 =8.43 (brs, 1 H, amide
NH), 8.19 (s, 1 H, thiazole H-5), 7.91 (s, 1H, thiazole H-5), 7.00 (brs, 1H,
thiazole H-5), 5.43 (brs, 1H, piperidine H-6), 5.30-5.12 (m, 3H, BocNH,
oxazolidinone H-4, oxazolidinone H-5), 4.51-4.34 (m, 4H, CO,CH,CH;x
2),3.99 (dq, J=7.2, 5.7 Hz, 1H, Ala H-a), 3.63 (ddd, /=13.8, 5.4, 0.0 Hz,
1H, piperidine H-4a), 3.39 (m, 1H, piperidine H-3p), 3.12-2.92 (m, 1H,
piperidine H-3f), 2.80 (ddd, /=13.8, 13.2, 6.0 Hz, 1H, piperidine H-4f),
1.61(d, J=6.3 Hz, 3H, oxazolidinone 5-Me), 1.50 (s, 9H, Boc), 1.47-1.35
(m, 6H, CO,CH,CH;x2), 1.35 (d, J=7.2 Hz, 3H, Ala Me), 1.21 ppm (s,
9H, Boc); "CNMR (CDCly): 6=175.2, 173.7, 168.9, 167.6, 163.6, 161.2,
161.1, 155.2, 153.2, 150.5, 148.6, 147.9, 147.0, 130.0, 127.3, 120.0, 85.2,
79.6,74.9, 66.7, 61.6, 61.4, 61.3, 59.8, 51.9, 27.9, 27.8, 26.9, 24.5, 20.5, 17.9,
14.25, 14.22 ppm; HRMS (FAB): m/z [M+H]" caled for Cy;HxN;0;S;5:
862.2574; found: 862.2573.

Alanylpiperidine 24: To a solution of 23 (50 mg, 5.79x 107> mmol) in
MeOH (0.25 mL), 1,4-dioxane (0.25 mL), and H,O (0.5 mL) at 0°C was
added LiOH (6.9 mg, 2.9x 10~ mmol). The mixture was stirred at room
temperature for 2 h. The mixture was quenched with 1M aqueous HCl
(ImL) at 0°C and extracted with AcOEt (1 mLx3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was dissolved in 1,4-dioxane (0.5 mL) and 1M aqueous HCI
(1 mL), and the mixture was stirred at room temperature for 1 h. The sol-
vent was evaporated to afford the crude amino acid. This was dissolved
in MeOH (0.1 mL). Acetone (5mL) was added to the solution to form
precipitates. The precipitates were filtered off to afford 24-3HCI
(30.2 mg, 76 %) as solids: [a]3) +45.6 (c 1.21 (3HCI), 1M aqueous HC)
[Ref. [10f]: [@]3 +45 (1M aqueous HC); Ref. [37]: [a] +44.7 (c 1.02, 1m
aqueous HCI)]; IR (KBr, HCI free): #=1685, 1580, 1380 cm ™' [Ref. [10f]:
IR (KBr): #=1684cm™; Ref.[37]: IR (KBr): #=1690, 1580, 1480,
1370 cm™']; 'TH NMR (D,0, HCl salt): 6 =8.64 (s, 1 H, thiazole H-5), 8.49
(s, 1H, thiazole H-5), 7.59 (s, 1H, thiazole H-5), 5.45 (s, 1H, piperidine
H-6), 5.37 (br d, J=10.5 Hz, 1H, piperidine H-2), 4.94 (d, J=6.9 Hz, 1H,
H,NCH), 4.50 (q, /J=6.9 Hz, 1H, Ala H-a), 4.38 (dq, /=6.9, 6.6 Hz, 1H,
CHCH(OH)CH,;), 3.44 (br d, J=14.7 Hz, 1H, piperidine H-4a), 2.94 (br
dd, /=147, 12.6 Hz, 1H, piperidine H-48), 2.79 (br d, /=12.6 Hz, 1H,
piperidine H-3f), 2.47 (br ddd, J=10.5, 12.6, 12.6 Hz, 1H, piperidine H-
3a), 1.77 (d, J=69Hz, 3H, Ala Me), 1.32ppm (d, J=6.6 Hz, 3H,
CHCH(OH)CH,) [Ref. [37]: '"HNMR (D,0, HCI salt): §=8.61 (s, 1H),
8.46 (s, 1H), 7.59 (s, 1H), 5.48 (s, 1H), 5.40 (1H), 4.52 (q, /=8 Hz, 1H),
4.40 (dq, /=6.5, 6.5Hz, 1H), 3.6-3.3 (1H), 3222 (3H), 1.77 (d, J=
8 Hz, 3H), 1.30 ppm (d, J=6.5 Hz, 3H)]; "C NMR (D,0, HClI salt): 6 =
172.3, 171.5, 166.4, 166.2, 165.2, 164.9, 147.5, 147.2, 146.2, 132.5, 132.1,
126.5, 68.9, 62.6, 62.2, 58.4, 58.3, 51.3, 32.1, 26.3, 20.1, 18.1 ppm [Ref. [37]:
BCNMR (D,O, HCI salt): 6=172.3, 171.4, 166.4, 165.8, 165.2, 164.8,
147.4, 147.1, 146.0, 132.6, 132.1, 126.6, 68.9, 62.6, 62.2, 58.4, 58.4, 51.4,
32.2,26.2,20.2, 18.2 ppm].

Adduct 20: A solution of 14 (280 mg, 1.32 mmol), 15a (205 mg,
1.32 mmol), LiClO, (1.40 g, 13.2 mmol), and NEt; (1.84 mL, 13.2 mmol)
in dry THF (11 mL) was stirred at room temperature for 5 h under Ar at-
mosphere to form 12a. The temperature was cooled to —40°C and then
11 (500 mg, 1.32 mmol) was added to the above solution. The mixture
was stirred at —25°C for 1 day. The reaction mixture was quenched with
H,0 (30 mL) and extracted with AcOEt (30 mL x3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (90-100% AcOEt/
hexane) to afford 20 (628 mg, 65 %) as colorless solids and its diastereo-
mer (115 mg, 6%) as colorless solids, and 11 (129 mg, 26 %) was recov-
ered. 20: '"HNMR (CDCl;): 6=8.30 (s, 1H, thiazole H-5), 7.99 (s, 1H,
thiazole H-5), 7.45 (d, J=12.0 Hz, 2H, toluene), 7.27 (d, J=12.0 Hz, 2H,
toluene), 6.96 (s, 1H, thiazole H-5), 6.30 (brs, 1H, oxazolidinone NH),
5.72 (d, J=12.0 Hz, 1H, NHSO), 5.05 (d, /=12.0 Hz, 1H, CHNHSO),
4.75 (dd, J=9.6, 1.8 Hz, 1 H, oxazolidinone H-4), 4.51 (dq, /=9.6, 9.6 Hz,
1H, oxazolidinone H-5), 4.48-4.34 (m, 4H, CO,CH,CH;x2), 3.20-3.06
(m, 2H, pyrrolidine H-3x2), 2.75-2.51 (m, 2H, pyrrolidine H-4 x2), 2.42
(s, 3H, toluene), 1.51 (d, J=9.6 Hz, 3H, oxazolidinone 5-Me), 1.41 (t, /=
10.5 Hz, 3H, CO,CH,CH,), 1.39 ppm (t, /=10.5 Hz, 3H, CO,CH,CHs;);
BCNMR (CDCly): 0=174.3, 172.1, 168.3, 163.0, 161.3, 160.8, 158.2,
154.4, 148.6, 146.7, 141.6, 141.1, 131.0, 129.7, 128.0, 125.4, 117.5, 86.0,

www.chemasianj.org 1001





FULL PAPERS

79.7, 61.7, 61.4, 60.9, 59.7, 36.8, 31.5, 21.4, 19.7, 14.3, 14.2 ppm. Diastereo-
mer of 20: "H NMR (CDCl;): =8.38 (s, 1H, thiazole H-5), 8.11 (s, 1H,
thiazole H-5), 7.13 (d, /=8.4 Hz, 2H, toluene), 7.08 (d, /=8.4 Hz, 2H,
toluene), 7.08 (s, 1H, thiazole H-5), 6.25 (brs, 1H, oxazolidinone NH),
5.96 (d, /=10.5Hz, 1H, NHSO), 4.81 (d, /=10.5 Hz, 1H, CHNHSO),
4.52 (dd, J=6.0, 0.9 Hz, 1H, oxazolidinone H-4), 4.50-4.37 (m, 4H,
CO,CH,CHj;x2), 4.34 (dq, J=6.0, 6.0 Hz, 1H, oxazolidinone H-5), 3.07—
2.92 (m, 1H, pyrrolidine H-3), 2.62-2.25 (m, 3H, pyrrolidine H-3, H-4 x
2), 2.38 (s, 3H, toluene), 1.47-1.36 ppm (m, 9H, oxazolidinone 5-Me,
CO,CH,CHj;x2).

Aminopiperidine 26: To a solution of 20 (235 mg, 3.22x 10" mmol) in
dry EtOH (3.2 mL) at 0°C was added TFA (0.248 mL, 3.22 mmol). The
solution was stirred at room temperature for 1h. The reaction was
quenched with aqueous NaHCO; (5SmL) at 0°C. The mixture was ex-
tracted with AcOEt (5 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated to afford the crude
amine. This crude amine and AcOH (0.185 mL, 3.22 mmol) were dis-
solved in dry EtOH (1mL). To the mixture was added NaBH;CN
(60.8 mg, 9.67x 107! mmol) in dry EtOH (2.2 mL) at 0°C. The reaction
mixture was stirred at room temperature for 2h. The reaction was
quenched with aqueous NaHCO; (5 mL) at 0°C. The mixture was ex-
tracted with AcOEt (5 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (90-100% AcOEt/hexane) to afford 26 (90.0 mg,
47%) as colorless solids: "H NMR (CDCly): 6=38.15 (s, 1H, thiazole H-
5), 7.97 (s, 1H, thiazole H-5), 6.98 (s, 1H, thiazole H-5), 6.31 (brs, 1H,
oxazolidinone NH), 4.89 (s, 1 H, piperidine H-6), 4.72 (dd, J=6.0, 2.0 Hz,
1H, oxazolidinone H-4), 4.53-4.34 (m, 6 H, piperidine H-2, oxazolidinone
H-5, CO,CH,CHj;x2), 2.78-2.64 (m, 1H, piperidine H-4a), 2.50-2.25 (m,
1H, piperidine H-3), 2.15-1.96 (m, 2H, piperidine H-4f, H-3), 1.49 (d,
J=6.0Hz, 3H, oxazolidinone 5-Me), 1.40ppm (t, J=7.0Hz, 6H,
CO,CH,CH;x2); "C NMR (CDCly): 6=181.2, 173.6, 169.1, 161.6, 161.4,
158.2, 154.5, 147.4, 147.0, 127.6, 127.2, 117.5, 79.8, 64.0, 61.6, 61.4, 60.9,
58.3,58.1, 38.0, 28.1, 19.8, 14.3 ppm.

Boc-alanylpiperidine 27: To a solution of 26 (85.8 mg, 1.45x 10~ mmol),
DMAP (1.8 mg, 1.4x 1072 mmol), and NEt, (0.0222 mL, 1.59x 10~" mmol)
in dry THF (1.5mL) at 0°C under Ar atmosphere was added Boc,O
(0.0366 mL, 1.59x 10! mmol). The solution was stirred at 0°C for 1 h.
The reaction was quenched with H,O (2 mL) and the mixture was ex-
tracted with AcOEt (2 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (80-100% AcOEt/hexane) to afford the Boc-oxa-
zolidinone (83.0 mg, 83%) as colorless solids: m.p. 156-158°C; [a]3
—109.2 (¢ 1.00, CHCl;); IR (CHCl,): #=1820, 1720, 1080, 1045 cm™';
"H NMR (CDCl;): 6=38.15 (s, 1 H, thiazole H-5), 7.97 (s, 1 H, thiazole H-
5), 7.01 (s, 1H, thiazole H-5), 5.02 (d, /=3.9 Hz, 1H, oxazolidinone H-4),
4.93 (s, 1H, piperidine H-6), 4.54-4.34 (m, 6 H, piperidine H-2, oxazolidi-
none H-5, CO,CH,CH;x2), 2.82-2.64 (m, 1H, piperidine H-4a), 2.45-
227 (m, 1H, piperidine), 2.15-1.95 (m, 2H, piperidine), 1.49 (d, J=
6.4 Hz, 3H, oxazolidinone 5-Me), 1.42 (s, 9H, Boc), 1.41 ppm (t, /=
7.1 Hz, 6H, CO,CH,CH;x2); "C NMR (CDClL): 6=181.4, 173.7, 167.2,
161.6, 161.4, 154.2, 150.8, 148.6, 147.6, 147.0, 127.5, 127.2, 117.4, 84.7,
75.7, 64.0, 62.4, 61.5, 61.3, 58.4, 58.0, 37.9, 28.0, 27.9, 20.2, 14.4 ppm. To a
solution of the above Boc-oxazolidinone (76.1 mg, 1.10x 107! mmol), N-
Boc-L-alanine 22 (41.6 mg, 2.20x107' mmol), HOAt (41.6 mg, 2.20x
10" mmol), and iPr,NEt (0.0861 mL, 4.94x10"' mmol) in CH,CI,
(1.1 mL) at room temperature under Ar atmosphere was added CIP
(61.2 mg, 2.20x 10~ mmol). The solution was stirred at room temperature
for 1day and quenched with H,O (2 mL). The mixture was extracted
with AcOEt (2 mL x3). The combined extracts were dried over Na,SO,,
filtered through celite, and evaporated. The residue was dissolved in
CHCI; and this was filtered through celite and the filtrate was evaporat-
ed. The residue was chromatographed on silica gel (80 % AcOEt/hexane)
to afford 27 (94.9 mg, quantitative yield): 'H NMR (CDCl,): 6=38.15 (s,
1H, thiazole H-5), 8.05 (brs, 1H, amide NH), 7.88 (s, 1 H, thiazole H-5),
6.93 (s, 1H, thiazole H-5), 5.27 (brs, 1H, BocNH), 5.13 (d, /=3.4 Hz,
1H, oxazolidinone H-4), 4.59 (s, 1H, piperidine H-6), 4.49 (dd, J=2.8,
11.4 Hz, 1H, piperidine H-2), 4.49-4.22 (m, 6 H, oxazolidinone H-5, Ala
H-a, CO,CH,CH;x2), 343 (brd, /J=14.0Hz, 1H, piperidine H-4f),
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2.86-2.71 (m, 1H, piperidine H-40), 2.34-2.19 (m, 1H, piperidine H-3a),
2.07-1.85 (m, 1H, piperidine H-3f), 1.58 (d, /=6.0 Hz, 3H, oxazolidi-
none 5-Me), 1.47 (s, 9H, Boc), 1.50-1.34 (m, 9H, Ala Me, CO,CH,CH; x
2), 1.38 ppm (s, 9H, Boc).

Alanylpiperidine 28: To a solution of 27 (90.0 mg, 1.04x 10~" mmol) in
MeOH (0.5 mL), 1,4-dioxane (0.5mL), and H,O (1 mL) at 0°C was
added LiOH (6.9 mg, 5.2x 107! mmol). The mixture was stirred at room
temperature for 2 h. The mixture was quenched with 1M aqueous HCI
(2mL) at 0°C and extracted with AcOEt (2 mLx3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was dissolved in 1,4-dioxane (1 mL) and 1M aqueous HCI
(2mL), and the solution was stirred at room temperature for 1h. The
solvent was evaporated to afford the crude amino acid. This was dis-
solved in MeOH (0.1 mL). Acetone (5 mL) was added to the solution to
form precipitates. The precipitates were filtered off to afford 28-3HCI
(50.6 mg, 70%) as solids: [a]¥) —45.9 (c 1.21 (3HCI), 1M aqueous HC);
'"HNMR (D,0, HCl salt): =8.63 (s, 1 H, thiazole H-5), 8.40 (s, 1H, thia-
zole H-5), 7.50 (s, 1H, thiazole H-5), 5.39 (s, 1H, piperidine H-6), 5.36
(dd, J=12.6, 3.3 Hz, 1H, piperidine H-2), 488 (d, /=75Hz, 1H,
H,NCH), 4.57 (q, J=7.2 Hz, 1H, Ala H-a), 4.46 (dq, J=7.5, 6.3 Hz, 1H,
CHCH(OH)CH,), 3.52 (brd, /J=14.1Hz, 1H, piperidine H-4f), 3.05
(ddd, J=14.1, 14.1, 3.3 Hz, 1H, piperidine H-4a), 2.75 (brd, J=15.0 Hz,
1H, piperidine H-3a), 2.54 (br ddd, J=15.0, 14.1, 12.6 Hz, 1H, piperidine
H-38), 1.75 (d, J=7.2Hz, 3H, Ala Me), 1.35ppm (d, /=63 Hz, 3H,
CHCH(OH)CH;); "CNMR (D,O, HCI salt): 6=172.4, 171.9, 166.6,
166.5, 165.4, 165.1, 147.8, 147.6, 146.9, 132.3, 131.7, 126.4, 69.2, 63.3, 62.8,
58.5,58.2,50.7, 31.4, 26.2, 20.5, 17.7 ppm.

TMSE ester 29: To a solution of 8 (4.94 g, 8.33 mmol) in 2-(trimethylsily-
)ethanol (11.9 mL, 83.5 mol) was added Ti(OiPr), (2.44 mL, 8.33 mmol).
After stirring at 100°C for 6 h, the reaction mixture was quenched with
H,O (100 mL) and extracted with CHCl; (100 mL x 3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (80% AcOEt/hexane) to
afford 29 (4.61¢g, 75%) as a colorless foam: R;=0.63 (100% AcOEt);
[0 +95.4 (¢ 1.00, CHCI,); m.p. 84-85°C; IR (CHCl,): 7=3440, 3320,
1760, 1720, 1480, 1390, 1340, 1100, 1040, 970 cm™'; "H NMR (CDCL): § =
8.08 (s, 1H, thiazole H-5), 7.89 (s, 1 H, thiazole H-5), 6.92 (s, 1 H, thiazole
H-5), 6.70 (brs, 1H, oxazolidinone NH), 4.82 (s, 1H, piperidine H-6),
4.71 (br d, J=6.3 Hz, 1H, oxazolidinone H-4), 4.51-4.34 (m, 6 H, piperi-
dine H-2, oxazolidinone H-5, and Me;SiCH,CH, x2), 2.78-2.56 (m, 1H,
piperidine H-4), 2.52-2.20 (m, 1H, piperidine H-3), 2.15-1.96 (m, 2H, pi-
peridine H-3 and H-4), 1.50 (d, /=6.3 Hz, 3H, oxazolidinone 5-Me),
1.18-1.04 (m, 4H, Me;SiCH,CH,x2), 0.06 (s, 9H, Me;SiCH,CH,),
0.05 ppm (s, 9H, Me;SiCH,CH,); “C NMR(CDCl;): 6 =181.47, 173.36,
169.22, 161.66, 161.40, 158.25, 154.37, 147.61, 147.13, 127.31, 126.94,
117.74, 79.72, 63.80, 63.73, 63.51, 61.01, 58.31, 58.09, 37.74, 27.81, 19.65,
17.43, 17.33, —1.47, —1.53 ppm; HRMS (FAB): m/z [M—H] calcd for
C30H43NOS5S1,: 735.1945; found: 735.1970.

Bpoc-alanylpiperidine 31: To a solution of 29 (5.31 g, 7.20 mmol), DMAP
(176 mg, 1.44 mmol), and NEt; (1.50 mL, 10.8 mmol) in dry THF (72 mL)
at 0°C under Ar atmosphere was added Boc,0O (1.66 mL, 7.23 mmol).
After stirring at 0°C for 1.5 h, the reaction mixture was quenched with
H,O (80 mL) and extracted with AcOEt (100 mL x3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (40% AcOEt/hexane) to
afford the Boc-oxazolidinone (5.61 g, 93%) as a colorless foam: R;=0.80
(70% AcOEt/hexane); '"H NMR (CDCl;): 6=38.10 (s, 1 H, thiazole H-5),
7.91 (s, 1H, thiazole H-5), 6.93 (s, 1H, thiazole H-5), 4.99 (d, /J=4.7 Hz,
1H, oxazolidinone H-4), 4.88 (brd, /J=6.3 Hz, 1 H, piperidine H-2), 4.55
(dq, J=4.7, 6.6 Hz, 1H, oxazolidinone H-5), 4.49-4.36 (m, 5H, piperidine
H-6, Me;SiCH,CH, x2), 2.74-2.58 (m, 1H, piperidine H-4), 2.43-2.24 (m,
1H, piperidine H-3), 2.12-1.94 (m, 2H, piperidine H-3 and H-4), 1.50 (d,
J=6.6 Hz, 3H, oxazolidinone 5-Me), 1.40 (s, 9H, Boc), 1.19-1.07 (m, 4H,
Me;SiCH,CH, x2), 0.07 (s, 9H, Me;SiCH,CH,), 0.06 ppm (s, 9H,
Me.SiCH,CH,). To a solution of this Boc-oxazolidinone (4.09 g,
4.89 mmol), Bpoc-L-Ala-OH (30) (3.20 g, 9.77 mmol), HOAt (1.33 g,
9.77 mmol), and i/Pr,NEt (4.25 mL, 24.4 mmol) in dry CH,Cl, (9.8 mL) at
room temperature under Ar atmosphere was added CIP (2.72g,
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9.76 mmol). After stirring at room temperature for 3.5 h, the reaction
mixture was quenched with H,O (20 mL) and the mixture was extracted
with CHCl; (30 mL x 3). The combined extracts were dried over Na,SO,,
filtered through celite, and evaporated. The residue was chromatograph-
ed on silica gel (40% AcOEt/hexane) to afford 31 (4.70 g, 84 %) as a col-
orless foam: R;=0.56 (60% AcOEt/hexane); [a]3; +29.6 (¢ 1.00, CHCL);
m.p. 100-102°C; IR (CHCL): #=3420, 3370, 1820, 1720, 1490, 1420,
1370, 1320, 1100, 1040 cm™'; 'HNMR (CDCL): 6=8.47 (brs, 1H,
CONH), 8.05 (s, 1H, thiazole H-5), 7.68 (s, 1H, thiazole H-5), 7.56-7.23
(m, 9H, Bpoc), 6.74 (s, 1H, thiazole H-5), 5.52 (brd, /J=6.0Hz, 1H,
NHBpoc), 5.06 (d, J=2.7 Hz, 1 H, oxazolidinone H-4), 4.96-4.80 (m, 1H,
oxazolidinone H-5), 4.48 (s, 1 H, piperidine H-6), 4.46-4.31 (m, 5H, piper-
idine H-2, Me;SiCH,CH, x2), 4.10 (dq, J=6.0, 6.3 Hz, 1H, Ala H-a),
346 (br d, J=13.8Hz, 1H, piperidine H-4), 2.71 (ddd, J=3.3, 13.8,
13.8 Hz, 1H, piperidine H-4), 2.19 (br dd, /=2.7, 13.8 Hz, 1 H, piperidine
H-3), 2.08-1.87 (m, 1H, piperidine H-3), 1.59 (d, J=4.2 Hz, 3H, oxazoli-
dinone 5-Me), 1.41 (s, 9H, Boc), 1.35 (d, /=6.3 Hz, 3H, Ala Me), 1.16—
1.04 (m, 4H, Me;SiCH,CH, x2) 0.05 (s, 9H, Me,SiCH,CH,), 0.03 ppm (s,
9H, Me;SiCH,CH,); *C NMR(CDCl,): 6 =174.69, 172.96, 172.81, 168.01,
161.25, 161.19, 154.53, 152.79, 150.60, 148.49, 146.96, 146.85, 145.12,
140.46, 139.43, 128.59, 127.10, 127.04, 126.82, 126.70, 124.66, 119.19, 84.85,
80.77, 75.50, 65.23, 63.60, 63.39, 61.48, 61.17, 58.06, 51.48, 30.51, 29.42,
27.73, 27.15, 20.30, 18.16, 17.34, 17.22, —1.55, —1.63 ppm; HRMS (FAB):
mlz [M+Na]t caled for CsH;N;O;S;Si;Na: 1168.3810; found:
1168.3782. Bpoc-L-Ala-OH 30 was prepapred as follows: To a solution of
4-acetylbiphenyl (15.0 g, 7.64x107% mol) in dry Et,0 (380 mL) at 0°C
under Ar atmosphere was added 3m MeMgBr in Et,0 (56.1 mL, 1.68 x
107" mol). After stirring at room temperature for 1 h, the reaction mix-
ture was quenched with saturated aqueous NH,Cl (500 mL) and H,O
(250 mL), and the mixture was extracted with Et,0 (500 mL x3). The
combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (30%
AcOEt/hexane) to afford 1-(4-biphenylyl)-1-methylethanol (14.6 g, 90 %)
as colorless solids: '"H NMR (CDCly): 6=7.63-7.30 (m, 9H, biphenyl),
1.62 ppm (s, 6H, Me x2). To a solution of 1-(4-biphenylyl)-1-methyletha-
nol (4.14 g, 19.5 mmol) and dry pyridine (2.33 mL, 28.8 mmol) in dry
CH,Cl, (20mL) at —5°C under Ar atmosphere was added dropwise
CICO,Ph (2.94 mL, 23.4 mmol) in dry CH,Cl, (10 mL) over 0.5 h. The re-
action mixture was stirred at 0°C for 1 day and quenched with ice-cold
water (10 mL) and CH,Cl, (20 mL) was added. The mixture was washed
with H,O (40 mL x3). The organic layers were dried over Na,SO,, fil-
tered through celite, and evaporated. The residual solid was recrystallized
from AcOEt to afford 1-(4-biphenylyl)-1-methylethyl phenyl carbonate
(5.65g, 87%) as colorless solids: '"HNMR (CDCl;) 6=7.63-7.23 (m,
14H, biphenyl and Ph), 1.63ppm (s, 6H, Mex2). r-alanine (1.02 g,
11.4 mmol) was dissolved in 40wt% TritonB in MeOH (5.6 mL,
12.3 mmol) and the solvent was evaporated under reduced pressure. The
residue was then evaporated twice more with DMF (17 mL) at 45°C
under vacuum in order to remove traces of water. The remaining syrup
was treated with 1-(4-biphenylyl)-1-methylethyl phenyl carbonate (4.10 g,
12.3 mmol) in DMF (17 mL) at 50°C for 2 h. The reaction mixture was
quenched with H,O (20 mL) at 0°C and washed with Et,0 (20 mL x3).
The aqueous layer was acidified with cold 1M aqueous citric acid to
about pH 3 at 0°C and extracted with Et,0 (20 mL x3). The combined
extracts were dried over Na,SO,, filtered through celite, and evaporated
to afford Bpoc-L-Ala-OH 30 (2.50 g, 67 %) as a colorless syrup: R;=0.74
(15/55/65 H,0/MeOH/CHCl;); 'HNMR (CDCL): 6=10.80-9.80 (brs,
1H, CO,H), 7.62-7.26 (m, 9H, biphenyl), 531 (brd, /=74 Hz, 1H,
BpocNH), 4.28 (brdq, J=6.8, 7.4 Hz, 1H, Ala H-a), 1.79 (brs, 6H, Bpoc
Me x2), 1.38 ppm (d, /=6.8 Hz, 1H, Ala Me).

Segment A (5) : To a solution of 31 (805 mg, 7.02x 10" mmol) in 2-(tri-
methylsilyl)ethanol (7.0 mL) at 0°C under Ar atmosphere was added
Cs,CO; (229 mg, 7.03x 107! mmol). After stirring at room temperature
for 10 h, the reaction mixture was quenched with saturated aqueous
NH,Cl (5mL) and H,0O (10 mL), and the mixture was extracted with
AcOEt (20 mL x3). The combined extracts were dried over Na,SO,, fil-
tered through celite, and evaporated. The residue was distilled under re-
duced pressure (15 mmHg, 59°C) to recover 2-(trimethylsilyl)ethanol.
The residue was chromatographed on silica gel (40% AcOEt/hexane) to
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afford theNHBoc-alcohol (629 mg, 80%) as a colorless foam: R;=0.73
(60% AcOEt/hexane); 'H NMR (CDCl,;): 0= 8.56 (brs, 1H, piperidine
5-CONH), 8.07 (s, 1H, thiazole H-5), 7.62-7.23 (m, 10H, biphenyl and
thiazole H-5), 6.49 (s, 1H, thiazole H-5), 5.58 (brd, /J=9.3Hz, 1H,
NHBoc), 5.43 (brd, /J=8.1 Hz, 1H, NHBpoc), 4.81 (brd, /=93 Hz, 1H,
Thr H-a), 4.77-4.64 (m, 1H, Thr H-B), 4.52-4.25 (m, 6 H, piperidine H-2,
H-6, and Me;SiCH,CH, x2), 4.14 (brdq, /J=8.1, 8.4 Hz, 1H, Ala H-a),
3.61 (br d, J=3.9 Hz, 1H, Thr 3-OH), 3.38 (br d, J=14.4 Hz, 1H, piperi-
dine H-4), 2.82-2.66 (m, 1H, piperidine H-4), 2.59-2.44 (brs, 1H, piperi-
dine H-3), 2.24 (brd, J=12.0 Hz, 1H, piperidine H-3), 1.75 (s, 3H, Bpoc
Me), 1.68 (s, 3H, Bpoc Me), 1.54-1.34 (m, 3H, Thr Me), 1.44 (s, 9H,
Boc), 1.18-0.98 (m, 4H, Me;SiCH,CH, x2), 1.14 (d, /=8.4 Hz, 3H, Ala
Me), 0.07 (s, 9H, Me;SiCH,CH,), 0.05 ppm (s, 9H, Me;SiCH,CH,). To a
solution of this NHBoc-alcohol (429 mg, 3.83x 10~ mmol) in dry THF
(3.8 mL) at —78°C under Ar atmosphere was added fert-butyl hypochlor-
ite (0.0476 mL, 0.421 mmol). The reaction mixture was stirred at —78°C
for 1h and then DMAP (9.4 mg, 7.7x 107> mmol) and NEt; (0.533 mL,
3.83 mmol) were added. The temperature was raised to room tempera-
ture and the reaction mixture was stirred for 3 h. The reaction mixture
was quenched with saturated aqueous Na,S,0; (2mL) and saturated
aqueous NaHCO; (4 mL), and the mixture was extracted with AcOEt
(5mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated. The residue was chromatographed on
silica gel (30% AcOEt/hexane) to afford 5 (324 mg, 76 %) as a pale
yellow foam: R;=0.45 (60% AcOEt/hexane); [a]? +47.9 (c 1.00,
CHClL;); m.p. 102-103°C; IR (CHCL;): 7=3430, 3300, 1710, 1500, 1370,
1100, 1040 cm™'; 'HNMR (CDCly): 6=8.61 (brs, 1H, piperidine 5-
CONH), 8.17 (s, 1 H, thiazole H-5), 7.62-7.28 (m, 10 H, biphenyl and thia-
zole H-5), 6.63 (s, 1H, thiazole H-5), 5.66 (brd, /=9.6 Hz, 1 H, NHBoc),
5.40 (brd, J=7.5Hz, 1H, NHBpoc), 5.20 (brs, 1H, piperidine H-6), 4.86
(brd, J=9.3 Hz, 1H, Thr H-a), 4.63-4.52 (m, 1H, Thr H-B), 4.52-4.25
(m, 4H, Me;SiCH,CH, x2), 3.97 (brdq, J=6.6, 7.5Hz, 1H, Ala H-0),
3.74-3.43 (m, 2H, piperidine H-3 and H-4), 3.35 (brd, /=132 Hz, 1H,
piperidine H-3), 2.81 (brd, /=12.0 Hz, 1H, piperidine H-4), 1.73 (s, 3H,
Bpoc Me), 1.65 (s, 3H, Bpoc Me), 1.47 (s, 9H, Boc), 1.35 (d, J=6.6 Hz,
3H, Ala Me), 1.21-1.00 (m, 7H, Thr Me and Me;SiCH,CH, x2), 0.09 (s,
9H, Me;SiCH,CH,), 0.08 ppm (s, 9H, Me;SiCH,CH,); *C NMR(CDCl,):
0=175.91, 175.02, 173.56, 169.13, 162.90, 161.39, 161.31, 155.82, 154.87,
152.75, 148.01, 147.03, 144.74, 140.49, 139.62, 130.26, 128.75, 127.48,
12722, 126.93, 124.68, 117.48, 81.54, 80.20, 68.33, 66.66, 63.77, 63.43,
59.95, 57.75, 51.36, 28.95, 28.52, 28.29, 26.40, 24.60, 20.15, 18.70, 17.40,
17.33, —1.48, —1.55ppm; HRMS (FAB): m/z [M+Na]* caled for
Cs3H7N,0,4S;5Si,Na: 1140.3861; found: 1140.3877.

p-Lactone 42: To a solution of L-threonine 18 (2.00 g, 16.8 mmol) in H,O
(84mL) and 14-dioxane (8.4mL) at room temperature were added
NEt; (7.00 mL, 50.4 mmol) and TeocOPh(p-NO,) (5.23 g, 18.5 mmol).
After stirring at room temperature for 21 h, the reaction mixture was
quenched with saturated aqueous NaHCOj; (10 mL) and the mixture was
washed with Et,0 (50 mLx1). The aqueous layer was acidified with 1m
aqueous HCI to pH3 at 0°C and extracted with AcOEt (100 mL x 3).
The combined extracts were dried over Na,SO,, filtered through celite,
and evaporated. The residue was chromatographed on silica gel (70 %
AcOEt/CHCL;) to afford the Teoc-L-Thr-OH (4.51 g, quantitative yield)
as a colorless syrup: R;=0.50 (70% AcOEt/CHCl;); 'H NMR (CDCl;):
0=5.94-5.76 (m, 1H, TeocNH), 4.56-4.27 (m, 2H, H-o and H-f), 4.27-
4.02 (m, 2H, Me;SiCH,CH,), 1.24 (d, 3H, J=6.2 Hz, Me-f3), 1.00 (t, 2H,
J=8.6 Hz, Me;SiCH,CH,), 0.02 ppm (s, 9H, Me;SiCH,CH,). To a solu-
tion of the Teoc-L-Thr-OH (50.0 mg, 2.14x10"" mmol) in acetone
(1.9 mL) at 0°C under Ar atmosphere were added acetone dimethylace-
tal (0.0700 mL, 5.67 x 10" mmol) and p-TsOH (3.3 mg, 1.9x10~> mmol).
After stirring at room temperature for 6 h, the reaction mixture was
quenched with saturated aqueous NaHCO; (10 mL) and then NaCl
(solid) was added. The mixture was extracted with AcOEt (10 mL x3).
The combined extracts were dried over Na,SO,, filtered through celite,
and evaporated to afford acetonide 35 (65.0 mg, quantitative yield) as a
colorless syrup: R;=0.90 (70% AcOEt/CHCl;); '"HNMR (CDClL): 6=
4.30-3.96 (m, 3H, Me,SiCH,CH, and H-f), 3.94-3.74 (m, 1H, H-a), 1.55
(s, 6H, oxazolidine 2-Me), 1.38 (d, /J=5.0 Hz, 3H, Me-f), 1.00 (brt, J=
8.2 Hz, 2H, Me;SiCH,CH,), 0.02 ppm (s, 9H, Me;SiCH,CH,). To a solu-
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tion of 35 (50.0mg, 1.65x107'mmol) and 36" (49.5mg, 1.81x
10" mmol) in dry DMF (1.5mL) at 0°C under Ar atmosphere were
added iPr,NEt (71.8 mL, 4.12x10"' mmol) and PyBOP (103 mg, 1.98x
107! mmol). After stirring at room temperature for 3.5 h, the reaction
mixture was quenched with saturated aqueous NaHCO; (5 mL) and the
mixture was extracted with AcOEt (10 mLx3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (20% AcOEt/hexane) to afford
42 (42.1 mg, 66%) as a colorless foam: R;=0.80 (5% MeOH/CHCL);
[a]¥ —4.78 (c 1.00, CHCL,); IR (CHCL,): #=3682, 3620, 1832, 1698, 1520,
1478, 1420, 1456, 1048 cm™'; '"H NMR (CDCl;): 0=7.56-6.64 (m, 1H,
CONH), 5.60 (dd, J=6.0, 8.0 Hz, 1H, fB-lactone H-a), 4.90 (dq, J=6.0,
6.0 Hz, 1H, fB-lactone H-f), 4.38-4.10 (m, 1H, oxazolidine H-5), 4.16 (t,
J=8.8 Hz, 2H, Me;SiCH,CH,), 3.90 (d, /=7.0 Hz, 1H, oxazolidine H-4),
1.63 (s, 3H, oxazolidine 2-Me), 1.57 (s, 3H, oxazolidine 2-Me), 1.45 (d,
J=17.0 Hz, 3H, oxazolidine 5-Me), 1.40 (d, /=6.0 Hz, 3H, p-lactone Me),
1.10-0.90 (m, 2H, Me;SiCH,CH,), 0.02 ppm (s, 9H, Me;SiCH,CH,);
BCNMR (CDClL): 0=169.94, 168.81, 153.21(br), 9529, 74.85, 74.02,
67.00, 64.22, 58.77, 27.31, 25.43, 19.01, 17.83, 15.02, —1.61 ppm. Elemental
analysis (%) caled for C;;H;N,O4Si: C52.83, H7.82, N 7.25; found:
C52.76, H7.82, N 7.23.

p-Lactone 43: To a solution of 36 (9.15g, 33.5mmol) in dry THF
(335mL) were added iPr,NEt (7.0l mL, 40.2mmol) and Boc,O
(15.4 mL, 67.0 mmol). The mixture was stirred at room temperature for
17 h. The reaction mixture was quenched with H,O (300 mL) and the
mixture was extracted with AcOEt (300 mL x3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (10% AcOEt/hexane) to afford
43 (522 g,77%): [a]¥ 429.4 (c 1.00, CHCl,); IR (CHCL,): #=1830, 1720,
1390, 1370, 1340, 1040 cm™'; '"HNMR (CDCL): 6=5.43 (dd, J=6.2,
8.0Hz, 1H, H-a), 5.30 (brd, /J=8.0 Hz, 1H, BocNH), 4.86 (dq, /=6.2,
6.2 Hz, 1H, H-B), 1.46 (s, 9H, Boc), 1.49-1.43 ppm (d, J=6.2 Hz, 3H,
Me); PCNMR (CDCLy): 6=170.0, 155.0, 81.5, 75.4, 60.4, 28.5, 15.3 ppm.
Elemental analysis (%) caled for CyH;sNO,: C53.72, H7.51, N 6.96;
found: C53.74, H7.58, N 6.95.

Phenylselenobutanoic acid 44: To a solution of 43 (4.35 g, 21.6 mmol) in
degassed dry DMF (43 mL) at room temperature under Ar atmosphere
was added benzeneselenol (3.44 mL, 32.4 mmol). The mixture was stirred
at 80°C for 2 h. The reaction mixture was quenched with 1M aqueous
NaOH (43 mL) and H,O (85mL), and the mixture was washed with
Et,0 (100 mL x 3). The aqueous layer was acidified with 1M aqueous HCI
to pH 3 and extracted with AcOEt (100 mL x3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (0-5% MeOH/CHCL;) to afford
44 (7.75 g, quantitative yield): [a]7 +23.8 (¢ 1.00, CHCL); IR (CHCl,):
7#=1715, 1500, 1370, 1160, 1080, 1040 cm™'; '"H NMR (CDCl,): 6 =7.65—
7.54 (m, 2H, Ph), 7.36-7.23 (m, 3H, Ph), 6.10 (brs, 0.3H, BocNH), 5.24
(brd, J=7.8 Hz, 0.7H, BocNH), 4.51 (brs, 1H, H-a), 3.68 (m, 1H, H-B),
1.52-1.37 (m, 3H, Me-B), 1.44 ppm (s, 9H, Boc); *C NMR (CDCl;): 6=
174.7, 155.5, 135.3, 129.2, 128.2, 128.1, 80.5, 57.9, 40.6, 28.2, 18.1 ppm;
HRMS (EI): m/z [M]* caled for C;;H,NO,*Se: 359.0636; found:
359.0629.

Tripeptide 46: To a solution of 42 (42.1 mg, 1.09x 10~ mmol) in degassed
dry DMF (0.22mL) at room temperature under Ar atmosphere was
added benzeneselenol (0.0174 mL, 1.64x10~' mmol). After stirring at
80°C for 2 h, the reaction mixture was quenched with 1M aqueous NaOH
(0.25mL) and H,0 (0.50 mL), and the mixture was washed with Et,O
(1.0 mL x3). The aqueous layer was acidified with 1M aqueous HCI to
pH 3 at 0°C and extracted with AcOEt (1.0 mLx3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (70% AcOEt/hexane) to
afford 45 (55.7 mg, 94%) as a pale yellow foam: 'H NMR (CDCl): 0=
7.60-7.48 (m, 2H, PhSe), 7.32-7.18 (m, 3H, PhSe), 6.88-6.38 (m, 1H,
CONH), 4.82-4.68 (m, 1H, phenylselenoamino acid H-a), 4.28-3.98 (m,
3H, Me;SiCH,CH, and oxazolidine H-5), 3.83 (d, /=7.0 Hz, 1H, oxazoli-
dine H-4), 3.74-3.60 (m, 1H, phenylselenoamino acid H-$), 1.62 (s, 3H,
oxazolidine 2-Me), 1.57 (s, 3H, oxazolidine 2-Me), 1.45 (d, J=6.8 Hz,
3H, Me), 1.36 (d, J=6.0 Hz, 3H, Me), 1.04-0.88 (m, 2H, Me;SiCH,CH,),
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0.02 ppm (s, 9H, Me;SiCH,CH,). To a solution of 45 (55.7 mg, 1.02x
107" mmol) and p-Ser-OMe-HCI 37 (17.5 mg, 1.12x 10~ mmol) in MeOH
(1.0mL) at 0°C were added NMM (0.0270 mL, 2.46x 10~ mmol) and
DMTMM (34.0 mg, 1.23x 10! mmol). After stirring at room temperature
for 6 h, the reaction mixture was quenched with H,O (2mL) and the
mixture was extracted with AcOEt (2 mLx3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (50% AcOEt/hexane) to afford
46 (54.4mg, 82%) as a colorless foam: R;=0.80 (10% MeOH/CHCL,);
[a]¥ —77.7 (c 1.00, CHCLy); IR (CHCL,): #=3685, 3620, 3480, 3370, 1748,
1660, 1508, 1468, 1382, 1355, 1080, 1046 cm™'; 'H NMR (CDCly): 6=
7.66-7.42 (m, 3H, CONH, PhSe), 7.36-7.21 (m, 3H, PhSe), 6.56-6.38
(brd, J=7.2 Hz, 1H, CONH), 4.58 (ddd, J=3.0, 5.0, 8.0 Hz, 1H, Ser H-
a), 4.49 (dd, J=4.0, 7.2 Hz, 1H, phenylselenoamino acid H-a), 4.36-4.12
(m, 3H, Me;SiCH,CH, and oxazolidine H-5), 4.10-3.82 (m, 3H, phenyl-
selenoamino acid H-p and Ser H-f x2), 3.92 (d, J=9.0 Hz, 1H, oxazoli-
dine H-4), 1.70 (s, 3H, oxazolidine 2-Me), 1.66 (s, 3H, oxazolidine 2-Me),
1.46 (d, J=6.0 Hz, 3H, Me), 1.42 (d, J=7.0 Hz, 3H, Me), 1.04-0.88 (m,
2H, Me;SiCH,CH,), 0.02ppm (s, 9H, Me;SiCH,CH,); “CNMR
(CDCl,): 6=170.43, 169.12, 168.59, 154.79, 134.74, 134.67, 129.36, 128.29,
127.73, 95.09, 74.22, 68.00, 65.88, 62.95, 56.13, 55.12, 52.28, 39.46, 27.37,
26.02, 18.41, 17.85, 16.30, —1.70 ppm. Elemental analysis (%) calcd for
C,H,aN;04*SeSi: € 50.30, H 6.72, N 6.52; found: C 50.20, H 7.04, N 6.56.

Carboxylic acid 33: To a solution of 46 (1.00 g, 1.55 mmol) in MeOH
(5.0 mL), H,O (5.0 mL), and 1,4-dioxane (5.0 mL) at 0°C was added 1m
aqueous NaOH (2.3 mL). After stirring at room temperature for 1 h, the
reaction mixture was acidified with 1M aqueous HCI to pH 3 at 0°C and
extracted with AcOEt (20 mLx3). The combined extracts were dried
over Na,SO,, filtered through celite, and evaporated to afford the crude
33 as a pale yellow foam, which was used for the next reaction without
purification.

Olefin 48: A solution of 40 (1.53 g, 8.25 mmol), 41 (1.00 g, 8.25 mmol),
and Cs,CO; (2.69 g, 8.25 mmol) in dry CH,Cl, (45mL) was stirred at
room temperature for 2 h. The mixture was filtered through celite and
evaporated. The residue was chromatographed on silica gel (30%
AcOEt/hexane) to afford fert-butylsulfinamide 39 (2.50 g, quantitative
yield) as a yellow syrup: R;=0.80 (60% AcOEt/hexane); 'H NMR
(CDCl;): 6=8.86 (d, J=12Hz, 1H, imine-H), 8.38 (d, /J=12Hz, 1H,
thiazole H-5), 4.48 (q, /=7.0 Hz, 2H, CO,CH,CH;), 1.42 (t, J=7.0 Hz,
3H, CO,CH,CHs;), 1.28 ppm (s, 9H, Bu). To a solution of (Z)-2-bromo-
2-butene (1.32 mL, 13.0 mmol) in dry THF (19 mL) at —78°C under Ar
atmosphere was added 1.62m rBuLi in pentane (16.0 mL, 26.0 mmol).
After 5min at —78°C, 1.0M ZnCl, in ether (13.0 mL, 13.0 mmol) was
added and the temperature was raised to 0°C during a period of 15 min.
The solution was cooled to —78°C and 39 (749 mg, 2.60 mmol) in dry
THF (5.0 mL) was added and the temperature was raised to —40°C.
After stirring at —40°C for 6 h, the reaction mixture was quenched with
saturated aqueous NH,Cl (40 mL) and the mixture was extracted with
Et,0 (50 mLx3). The combined extracts were dried over Na,SO,, fil-
tered through celite, and evaporated. The residue was chromatographed
on silica gel (55% AcOEt/CHCL;) to afford 48 (778 mg, 87 %) as a color-
less syrup: R;=0.40 (60% AcOEt/CHCL); [a]} +144 (c 1.00, CHCL);
IR (neat): 7=3450, 3255, 3195, 3120, 2978, 1724, 1478, 1370, 1340, 1320,
1238, 1210, 1062, 1020, 960, 900, 880, 756 cm™'; "H NMR (CDCl;): 6=
8.13 (s, 1H, thiazole H-5), 5.79 (brd, 1H, rBuS(O)NH), 5.74 (q, J=
7.0Hz, 1H, H-y), 480 (brd, 1H, H-a), 439 (q, /J=7.0Hz, 2H,
CO,CH,CH,), 1.89 (d, /J=7.0 Hz, 3H, Me-y), 1.61 (s, 3H, Me-f), 1.40 (t,
J=7.0 Hz, 3H, CO,CH,CHj,), 1.31 ppm (s, 9H, Boc); *C NMR (CDCl,):
0=171.17, 160.98, 146.68, 132.39, 127.93, 127.90, 61.26, 55.75, 54.51,
22.57, 18.13, 14.18, 13.42 ppm; HRMS (FAB): m/z [M+H]* calcd for
C;5sH,sN,O5S,: 345.1304; found: 345.1307.

NHBoc olefin 38: To a solution of 48 (778 mg, 2.26 mmol) in MeOH
(15mL) at 0°C was added 10% HCI/MeOH (15 mL). After stirring at
room temperature for 0.5 h, the reaction mixture was evaporated and to
the residue was added saturated aqueous NaHCOj; (20 mL). This was ex-
tracted with AcOEt (20 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated to afford the amine as a
pale yellow oil. To a solution of this amine in 1,4-dioxane (22 mL) under
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Ar atmosphere were added NEt; (0.378 mL, 2.71 mmol) and Boc,O
(0.651 mL, 2.71 mmol). After stiring at room temperature for 2 h, the re-
action mixture was quenched with saturated aqueous NaHCO; (30 mL)
and the mixture was extracted with AcOEt (30 mLx3). The combined
extracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (10% AcOEt/hexane) to
afford 38 (635 mg, 83% from 48) as a colorless oil: R;=0.90 (70%
AcOEY/CHCL); [a]®¥ +80.0 (¢ 1.00, CHCLy); IR (neat): #=3425, 3355,
2975, 2938, 1720, 1500, 1368, 1322, 1238, 1210, 1166, 1098, 1060, 1016,
958, 880, 756 cm™'; 'THNMR (CDCl;): 6=8.11 (s, 1H, thiazole H-5),
6.06-5.74 (m, 2H, BocNH and H-a), 5.56 (q, /=7.0 Hz, 1H, H-y), 4.41
(q, /=7.0Hz, 2H, CO,CH,CHj;), 1.88 (d, J=7.0 Hz, 3H, Me-y), 1.59 (s,
3H, Me-f), 1.46 (s, 9H, Boc), 1.41 ppm (t, J=7.0 Hz, 3H, CO,CH,CH,);
BCNMR (CDCLy): 6=171.37, 161.16, 154.91, 146.68, 134.25, 127.86,
124.62, 79.93, 61.41, 52.59, 28.34, 18.11, 14.30, 13.47 ppm; HRMS (FAB):
mlz [M+H]7 caled for C;sH,5N,0,S: 340.1457; found: 340.1457.

Diol 49: To a solution of OsO, (47.4 mg, 1.86x 10" mmol) in BuOH/
H,O (85:15, 6.0 mL) were added 38 (635 mg, 1.87 mmol) in tBuOH/H,0
(85:15, 8.0mL), NMO (656 mg, 5.60 mmol) in rBuOH/H,0 (85:15,
4.0 mL), and DABCO (41.9 mg, 3.74x 10~ mmol). The reaction mixture
was stirred in the dark at room temperature for 12 h and Na,S,0; was
added. The resulting solution was stirred at room temperature for 1.5 h
and then H,O (20 mL) was added. The mixture was extracted with
AcOEt (30 mL x3). The combined extracts were dried over Na,SO,, fil-
tered through celite, and evaporated. The residue was chromatographed
on silica gel (35% AcOEt/hexane) to afford 49 (390 mg, 56 %) as a color-
less foam and its diastereomer (175 mg, 25%) as a colorless foam. 49:
R;=0.45 (50% AcOEt/hexane); [a]3 —46.5 (¢ 1.00, CHCL); IR (neat):
7=3420, 2980, 1720, 1498, 1370, 1340, 1326, 1220, 1164, 1100, 1016, 876,
756 cm™'; "TH NMR (CDCl3): 6=8.12 (s, 1H, thiazole H-5), 6.02 (d, /=
9.0 Hz, 1H, BocNH), 520 (d, /=9.0 Hz, 1H, H-a), 4.38 (q, /J=7.0 Hz,
2H, CO,CH,CH3;), 4.30-4.16 (m, 1H, OH), 3.84-3.70 (m, 1H, H-y), 3.16-
3.02 (m, 1H, OH), 145 (s, 9H, Boc), 139 (t, J=7.0Hz, 3H,
CO,CH,CH,), 1.24 (d, /=6.4Hz, 3H, Me-y), 1.12 ppm (s, 3H, Me-p);
BC NMR (CDCly): 6 =170.02, 160.81, 156.58, 146.99, 127.04, 80.54, 69.35,
61.34, 57.19, 28.28, 18.46, 16.70, 14.21 ppm; HRMS (FAB): m/z [M +H]*
caled for C;¢H,N,O(S: 375.1591; found: 375.1590. Diastereomer of 49:
R;=0.30 (50% AcOEt/hexane); [¢]% —39.0 (¢ 1.00, CHCL); IR (neat):
7=23420, 2980, 1720, 1498, 1370, 1340, 1326, 1220, 1164, 1100, 1016, 876,
756 cm™'; '"H NMR (CDCl,): 6=8.12 (s, 1H, thiazole H-5), 5.81 (d, J=
9.2 Hz, 1H, BocNH), 5.20 (d, /=9.2 Hz, 1H, H-a), 4.38 (q, /=7.0 Hz,
2H, CO,CH,CH;), 3.68 (d, J=8.0 Hz, 1H, OH), 3.84-3.70 (dq, /=7.0,
8.0 Hz, 1H, H-y), 3.49 (s, 1H, OH), 1.45 (s, 9H, Boc), 1.39 (t, /=7.0 Hz,
3H, CO,CH,CHs;), 1.32 (d, J=6.4 Hz, 3H, Me-y), 1.25 ppm (s, 3H, Me-
B); "CNMR (CDCL): 6=171.15, 160.76, 155.40, 146.11, 127.27, 80.04,
71.23, 69.35, 61.13, 56.42, 28.00, 18.64, 16.89, 13.95 ppm; HRMS (FAB):
mlz [M+H]" caled for C;sH,;N,04S: 375.1591; found: 375.1590.

Aminodiol 50: To a solution of 49 (50.0 mg, 1.34x 10" mmol) in EtOH
(1.0 mL) and 1,4-dioxane (0.5 mL) at 0°C was added 1M aqueous NaOH
(0.2 mL). After stirring at room temperature for 0.5 h, the reaction mix-
ture was acidified with 1M aqueous HCI to pH 3 at 0°C and extracted
with AcOEt (3 mL x3). The combined extracts were dried over Na,SO,,
filtered through celite, and evaporated. The residue was purified using
preparative TLC (ODS, 50% MeOH/H,0) to afford carboxylic acid
(35.5mg, 77%) as a colorless syrup: R;=0.45 (50% MeOH/H,0, ODS);
'HNMR (CD;OD): 6=824 (brs, 1H, thiazole H-5), 6.96 (brd, J=
8.0 Hz, 1H, BocNH), 5.18 (brs, 1H, H-a), 3.77 (br q, J=5.8 Hz, 1H, H-
Y), 1.43 (s, 9H, Boc), 1.18 (d, /=5.8 Hz, 3H, Me-y), 1.07 ppm (s, 3H,
Me-B). This carboxylic acid (35.5 mg, 1.02x10~! mmol) was dissolved in
0.3mM HCI/AcOEt (1 mL). After stirring at room temperature for 1 h, the
precipitates were filtered and washed with AcOEt to afford 50 (HCI salt,
253 mg, 87%) as yellow solids: "H NMR (CF;CO,D): 6=8.69 (s, 1H,
thiazole H-5), 5.56 (brs, 1H, H-a), 4.34 (brq, J=6.2 Hz, 1H, H-y), 1.53
(d, J=6.2 Hz, 3H, Me-y), 1.23 ppm (s, 3H, Me-B) [Ref. [10d]: 'H NMR
(CF,CO,H): 8.69 (s, 1H), 5.56 (s, 1H), 4.39 (m, 1H), 1.56 (d, 3H), 1.28
(s, 3H)]. Compound 50 (HCI salt) was applied to an ion-exchange chro-
matography (DOWEX 50W). Pyridine-acetic acid buffer (0.2m, pH 3.1)
was used as eluent to afford 50 (AcOH salt) as yellow solids: [a]X —2.8
(c 1.00, 1M AcOH) [Ref. [2¢]: [a]5 —4 (c 1, 1M AcOH); Ref. [8a]: [a]

Chem. Asian J. 2008, 3, 984-1012

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

—2.8 (¢ 1, AcOH); Ref. [10d]: [a]5 —4.4 (c 1, 1M AcOH)]. The optical
rotation of the enantiomer of 50, prepared from the enantiomer of 41,
was +4.4 (c 1.00, Im AcOH, 28°C). In addition, the '"H NMR spectrum
of the diastereomer of 50, prepared from the diastereomer of 49, was dif-
ferent from that of 50.

TES ether 34: To a solution of 49 (300 mg, 8.01x10~! mmol) in dry
CH,Cl, (8 mL) at 0°C under Ar atmosphere were added 2,6-lutidine
(0.560 mL, 4.81 mmol) and TESOTT (0.725 mL, 3.20 mmol). After stirring
at room temperature for 1h, the reaction mixture was quenched with
H,O (20 mL) and the mixture was extracted with CHCl; (20 mL x 3). The
combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (20%
AcOEt/hexane) to afford 34 (371 mg, 92%) as a colorless syrup: R;=
0.70 (40% AcOEt/hexane); [aly —23.5 (¢ 1.00, CHCL); IR (neat): 7=
3385, 2956, 2905, 2880, 1720, 1458, 1418, 1370, 1322, 1238, 1200, 1118,
1012, 960, 740, 724 cm™'; '"H NMR (CDCly): 6=8.11 (s, 1H, thiazole H-
5), 4.39 (dq, J=2.4, 7.0 Hz, 2H, CO,CH,CH,), 431 (s, 1 H, H-a), 4.04 (q,
J=62Hz, 1H, H-y), 1.38 (t, /=7.0 Hz, 3H, CO,CH,CH,), 1.26 (s, 3H,
Me-f), 1.18 (d, J=62Hz, 3H, Me-y), 092 (t, /=7.8Hz, 9H, Si-
(CH,CH,);), 091 (t, J=7.8Hz, 9H, Si(CH,CH;);), 0.68-0.46 ppm (m,
12H, Si(CH,CH;);x2); "CNMR (CDCL): 6=175.93, 161.63, 146.30,
127.86, 80.34, 71.70, 61.06, 60.48, 19.28, 18.09, 14.24, 7.17, 6.83, 6.73,
5.08 ppm; HRMS (FAB): m/z [M+H]* caled for C,;H,;N,O,SSi,:
503.2802; found: 503.2795.

B-Hydroxyamide pentapeptide 32: To a solution of 34 (199 mg, 3.96 x
107" mmol), 33 (275 mg, 4.36x107' mmol), and HOAt (64.7 mg, 4.75x
107" mmol) in dry CH,Cl, (4.0 mL) at 0°C under Ar atmosphere were
added iPr,NEt (0.166 mL, 9.53x10 ' mmol) and CIP (132 mg, 4.74x
10~ mmol). After stirring at room temperature for 0.5h, the reaction
mixture was quenched with saturated aqueous NaHCO; (5 mL) and the
mixture was extracted with AcOEt (10 mLx3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (30% AcOEt/hexane) to afford
32 (364 mg, 83% from 34) as a colorless foam: R;=0.40 (40% AcOEt/
hexane); [a]¥ —15.5 (¢ 1.00, CHCly); IR (CHCL): #=3685, 3620, 3420,
1686, 1602, 1518, 1478, 1420, 1044 cm™'; '"H NMR (CDCl;): 6=8.09 (s,
1H, thiazole H-5), 7.60-7.48 (m, 2H, PhSe), 7.38 (d, /=92 Hz, 1H,
CONH), 7.32-7.18 (m, 3H, PhSe), 7.14-6.74 (m, 2H, CONH x2), 5.39 (d,
J=92Hz, 1H, lle H-a), 4.70-4.56 (m, 1H, phenylselenoamino acid H-
a), 4.40-4.04 (m, 3H, Ser H-a and Me;SiCH,CH,), 4.34 (q, /J=6.8 Hz,
2H, CO,CH,CH;), 4.02-3.80 (m, 3H, Ser H-x2 and oxazolidine H-5),
3.80-3.52 (m, 3H, phenylselenoamino acid H-f}, Ile H-y, and oxazolidine
H-4), 1.63 (s, 3H, Me), 1.59 (s, 3H, Me), 1.46 (d, /=6.8 Hz, 3H, Me),
134 (t, J=6.8Hz, 3H, CO,CH,CHj;), 1.29 (s, 3H, Me), 1.08 (d, J=
6.0 Hz, 3H, Me), 0.96 (t, /=9.0Hz, 9H, Si(CH,CH,);), 0.84 (t, J=
9.0 Hz, 9H, Si(CH,CHs)3), 0.89-0.76 (m, 2H, Me;SiCH,CH,), 0.68 (q, /=
9.0 Hz, 6H, Si(CH,CH,);), 0.58-0.44 (m, 6H, Si(CH,CH,);), 0.02 ppm (s,
9H, Me,SiCH,CH,); "CNMR (CDClL): 6=170.01, 169.38, 169.32,
168.12, 161.19, 153.50 (br), 145.56, 135.02, 129.18, 128.52, 128.09, 127.91,
95.09, 78.23, 74.10, 72.30, 67.41, 64.10, 62.71, 61.24, 60.88, 57.28, 56.36,
40.32, 27.40, 25.45, 19.20, 18.98, 18.47, 17.91, 17.67, 14.24, 7.14, 7.02, 6.81,
6.76, 5.05, 4.65, —1.61 ppm. Elemental analysis (%) calcd for
C,HgsNsO,,SSeSi;: C52.76, H7.68, N 6.28; found: C52.65, H7.56,
N 6.22.

B-Hydroxythioamide pentapeptide 52: To a solution of 32 (516 mg, 4.63 x
10~ mmol) in dry CH,Cl, (4.6 mL) at —78°C under Ar atmosphere was
added DAST (0.0917 mL, 0.690 mmol) in dry CH,Cl, (4.6 mL). After stir-
ring at —78°C for 5 min, the reaction mixture was quenched with saturat-
ed aqueous NaHCO; (10 mL) and extracted with AcOEt (15 mL x3).
The combined extracts were dried over Na,SO,, filtered through celite,
and evaporated. The residue was chromatographed on silica gel (20%
AcOEt/hexane) to afford 51 (432 mg, 85%) as a colorless foam: R;=0.50
(25% AcOEt/hexane); '"H NMR (CDCl): 6=8.06 (s, 1H, thiazole H-5),
7.75 (d, J=9.4 Hz, 1H, CONH), 7.65-7.57 (m, 2H, PhSe), 7.34-7.22 (m,
3H, PhSe), 7.00-6.82 (m, 1H, CONH), 547 (d, J=9.4 Hz, 1H, Ile H-a),
5.04 (dd, J=6.4, 8.0 Hz, 1H, phenylselenoamino acid H-a), 4.70 (dd, /=
8.2, 92 Hz, 1H, Ser H-a), 4.52-4.30 (m, 2H, Ser H-$x2), 436 (q, J=
7.0 Hz, 2H, CO,CH,CHs;), 4.24-4.02 (m, 3H, Me;SiCH,CH, and oxazoli-
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dine H-5), 3.84-3.64 (m, 3H, oxazolidine H-4, phenylselenoamino acid
H-f, and Ile H-y), 1.62 (s, 3H, Me), 1.59 (s, 3H, Me), 1.52 (d, /=6.8 Hz,
3H, Me), 1.35 (t, J=7.0 Hz, 3H, CO,CH,CHs;), 1.34 (s, 3H, Me), 1.14 (d,
J=5.8Hz, 3H, Me), 1.11 (d, J=6.0 Hz, 3H, Me), 0.96 (t, /=7.2 Hz, 9H,
Si(CH,CHa);), 0.91 (t, J=7.2 Hz, 9H, Si(CH,CH,);), 1.04-0.80 (m, 2H,
Me;SiCH,CH,), 0.66 (q, J=7.2 Hz, 6H, Si(CH,CHs,)5), 0.59 (q, /J=7.2 Hz,
6H, Si(CH,CHj;);), 0.02 ppm (s, 9H, Me;SiCH,CH,). A solution of 51
(432 mg, 3.94x 10" mmol) in MeOH (2.0 mL) and NEt; (2.0 mL) was sa-
turated with H,S and stirred at room temperature for 10 h. Ar was bub-
bled through the reaction mixture for 15 min and the mixture was evapo-
rated. The residue was chromatographed on silica gel (20% AcOEt/
hexane) to afford 52 (401 mg, 90%) as a colorless foam: R;=0.40 (30 %
AcOEt/hexane); [a]f +21.1 (¢ 1.00, CHCL,); IR (CHCLy): #=3685, 3620,
3418, 1682, 1518, 1475, 1420, 1340, 1046 cm '; '"H NMR (CDCl;) 6 =8.60—
8.42 (m, 1H, CSNH), 811 (s, 1H, thiazole H-5), 7.61-7.48 (m, 2H,
PhSe), 7.37-7.20 (m, 4H, CONH, PhSe), 7.05 (d, /J=7.6Hz, 1H,
CONH), 5.42 (d, /=92 Hz, 1H, Ile H-a), 4.88-4.78 (m, 1H, phenylsele-
noamino acid H-a), 4.76-4.65 (m, 1H, Ser H-a), 4.37 (q, J=7.0 Hz, 2H,
CO,CH,CHs;), 4.30-4.00 (m, 5H, Me;SiCH,CH,, Ser H-f, oxazolidine H-
5, and phenylselenoamino acid H-3), 4.00-3.82 (m, 2H, oxazolidine H-4
and Ser H-$), 3.66 (q, J=6.2 Hz, 1H, Ile H-y), 1.65 (s, 3H, Me), 1.61 (s,
3H, Me), 1.46 (d, /=6.8 Hz, 3H, Me), 1.41 (d, J=6.2 Hz, 3H, Me), 1.36
(t, J=7.0Hz, 3H, CO,CH,CH,), 1.28 (s, 3H, Me), 1.09 (d, /=6.2 Hz,
3H, Me), 1.06-0.85 (m, 2H, Me;SiCH,CH,), 0.98 (t, /=7.8 Hz, 9H, Si-
(CH,CH,);), 0.86 (t, J=7.8 Hz, 9H, Si(CH,CH;);), 0.71 (q, J=6.8 Hz,
6H, Si(CH,CH;);), 0.62-0.44 (m, 6H, Si(CH,CHj;);), 0.20 ppm (s, 9H,
Me;SiCH,CH,); "CNMR (CDCl;): 6=201.39, 168.87, 168.71, 168.12,
161.14, 154.50-151.50 (br), 145.53, 134.43, 129.24, 128.55, 128.18, 127.99,
95.06, 78.10, 74.14, 72.38, 67.56, 64.15, 62.82, 62.01, 61.77, 61.24, 60.99,
42.82, 27.42 (br), 25.31 (br), 19.29, 17.91, 17.61, 14.23, 7.14, 6.84, 6.74,
5.10, —1.63 ppm. Elemental analysis (%) calcd for C,HgsN5O,S,SeSi;:
C52.01, H7.57,N 6.19; found: C 51.87, H7.30, N 6.11.

Thiazoline 54: To a solution of 52 (33.1 mg, 2.93x102mmol) in dry
CH,Cl, (0.3mL) at —78°C under Ar atmosphere was added DAST
(0.0043 mL, 3.3x10>mmol) in dry CH,Cl, (0.3 mL). After stirring at
—78°C for 5 min, the reaction mixture was quenched with saturated
aqueous NaHCO; (2mL) and the mixture was extracted with AcOEt
(5 mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated to afford 53. To a solution of 53 in dry
CH,Cl, (0.15mL) and TFE (0.15mL) at 0°C under Ar atmosphere was
added 4.89m TBHP in CH,Cl, (0.0598 mL, 0.292 mmol). After stirring at
room temperature for 2h, the reaction was quenched with saturated
aqueous Na,$,0; (1.5mL) and the mixture was extracted with AcOEt
(5mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated. The residue was chromatographed on
silica gel (25% AcOEt/hexane) to afford 54 (16.1 mg, 57 % from 52) as a
colorless foam: R;=0.60 (30% AcOEt/hexane); [a]X -22.0 (c 1.00,
CHCL,); IR (CHClLy): 7#=3685, 3620, 3405, 1706, 1520, 1478, 1420, 1338,
1118, 1046, 498 cm™'; '"HNMR (CDCl,): 6=8.09 (s, 1 H, thiazole H-5),
7.73 (brs, 1H, CONH), 7.55 (d, /=8.6 Hz, 1H, CONH), 6.48 (q, J=
7.0 Hz, 1H, AAbu H-$), 5.45 (d, /=8.6 Hz, 1H, Ile H-0), 5.02 (dd, J=
9.2, 11.0 Hz, 1H, Ser H-a), 4.35 (q, /J=7.0 Hz, 2H, CO,CH,CH3;), 4.42—
4.24 (m, 1H, oxazolidine H-5), 4.24-4.02 (m, 2H, Me;SiCH,CH,), 3.96
(d, J=17.4 Hz, 1H, oxazolidine H-4) 3.86-3.66 (m, 2H, Ser H-B, Ile H-y),
3.57 (dd, /=92, 11.0 Hz, 1H, Ser H-B), 1.82 (d, /=7.0 Hz, 3H, AAbu
Me-f), 1.67 (s, 3H, Me), 1.64 (s, 3H, Me), 1.46 (d, /=5.6 Hz, 3H, Me),
136 (t, J=7.0Hz, 3H, CO,CH,CH;), 1.35 (s, 3H, Me), 1.12 (d, J=
6.0 Hz, 3H, Me), 1.06-0.87 (m, 2H, Me;SiCH,CH,), 0.94 (t, J=7.6 Hz,
9H, Si(CH,CH,);), 0.87 (t, J=7.6 Hz, 9H, Si(CH,CH,);), 0.72-0.42 (m,
12H, Si(CH,CH;);x2), 020ppm (s, 9H, Me,SiCH,CH,); *C NMR
(CDCL): 0=171.11, 170.86, 168.74, 167.34, 161.37, 152.80 (br), 146.01,
131.99, 128.16, 95.29, 79.47, 79.14, 74.65 (br), 72.02, 67.76, 63.79, 61.11,
59.37, 36.16, 27.15 (br), 25.20, 19.26, 18.95, 17.95, 17.78, 15.08, 14.33, 7.20,
6.91, 6.76, 5.08, —1.60 ppm; HRMS (FAB): m/z [M+H]* caled for
C3H75N50,8,Si;: 956.4519; found: 956.4548.

Segment B (3) : To a solution of 52 (30.0 mg, 2.65x 102 mmol) in EtOH
(0.180 mL) and 1,4-dioxane (0.090 mL) at 0°C was added 1m aqueous
NaOH (0.080 mL). After stirring at room temperature for 5 h, the reac-
tion mixture was acidified with 1M aqueous HCI to pH 3 at 0°C and ex-

1006 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Nakata, K. Hashimoto et al.

tracted with AcOEt (1 mLx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated to afford 3 as a colorless
foam, which was used for the next step without purification: R;=0.10
(30% AcOEt/hexane); [a]% +22.6 (c 1.00, CHCly); IR (CHCI,): 7 =3680,
3620, 3418, 1748, 1682, 1520, 1478, 1420, 1338, 1044, 498 cm™'; '"H NMR
(CDClLy); 6=9.14-8.90 (brs, 1H, CSNH), 821 (s, 1H, thiazole H-5),
7.62-7.48 (m, 2H, PhSe), 7.48-7.35 (m, 1H, CONH), 7.34-7.18 (m, 3H,
PhSe), 6.95-6.66 (m, 1H, CONH), 5.52-5.20 (m, 1H, Ile H-a), 5.10-4.66
(m, 2H, Ser H-a and phenylselenoamino acid H-0), 4.43-4.17 (m, 4H,
Me;SiCH,CH,, oxazolidine H-5, and phenylselenoamino acid H-f3), 4.12
(br dd, 1H, Ser H-), 4.01 (br dd, 1H, Ser H-f) 3.93 (d, J=7.6 Hz, 1H,
oxazolidine H-4), 3.73 (br q, 1H, Ile H-y), 1.66 (s, 6H, Me), 1.42 (d, J=
6.0 Hz, 3H, Me), 1.38-1.18 (m, 6H, Me x2), 1.11 (d, /=5.8 Hz, 3H, Me),
1.05-0.95 (m, 2H, Me;SiCH,CH,), 0.98 (t, /=7.2 Hz, 9H, Si(CH,CHs)5),
0.84 (t, J=72Hz, 9H, Si(CH,CH,);), 0.72 (q, /J=7.8Hz, 6H, Si-
(CH,CH,);), 0.52 (q, /J=7.8Hz, 6H, Si(CH,CH,;);), 0.20 ppm (s, 9H,
Me;SiCH,CH,).

Aminoalcohol 55: To a solution of 52 (32.0 mg, 2.83x10"2mmol) in
CH;NO, (0.28 mL) at 0°C under Ar atmosphere was added 1.0m ZnCl,
in ether (0.42 mL, 42x 107" mmol). After stirring at room temperature
for 15h, the reaction mixture was quenched with saturated aqueous
NaHCO; (1 mL) and the mixture was extracted with AcOEt (3 mL x 3).
The combined extracts were dried over Na,SO,, filtered through celite,
and evaporated. The residue was chromatographed on silica gel (5-10%
MeOH/CHCL,) to afford 55 (15.1 mg, 58 %) as a colorless foam: R;=0.50
(8% MeOH/CHCL); [a]® +41.1 (¢ 1.00, CHClL;); IR (CHCLy): #=3682,
3620, 3420, 1722, 1676, 1518, 1478, 1420, 1044, 498 cm™'; 'H NMR
(CDCl,): 6=8.90-8.72 (m, 1H, CSNH), 8.11 (s, 1H, thiazole H-5), 8.11-
8.04 (m, 1H, CONH), 7.62-7.54 (m, 2H, PhSe), 7.38-7.20 (m, 4H,
CONH, PhSe), 5.43 (d, /=92 Hz, 1H, Ile H-a), 4.98-4.87 (m, 1H, phe-
nylselenoamino acid H-a), 4.81-4.72 (m, 1H, Ser H-a), 4.38 (q, /=
7.0 Hz, 2H, CO,CH,CHs;), 4.27 (dq, J=3.2, 6.4 Hz, 1 H, oxazolidine H-5),
4.18-4.04 (m, 2H, Ser H-f and phenylselenoamino acid H-$), 3.94 (dd,
J=3.6,12.4Hz, 1H, Ser H-B), 3.71 (q, /J=6.4 Hz, 1H, Ile H-y), 3.37 (brs,
1H, oxazolidine H-4), 1.41 (d, /=7.0 Hz, 3H, Me), 1.37 (t, /J=7.0 Hz,
3H, CO,CH,CH,), 1.29 (s, 3H, Me), 1.21 (d, J=6.4 Hz, 3H, Me), 1.08 (d,
J=64Hz, 3H, Me), 097 (t, J=72Hz, 9H, Si(CH,CH);), 0.87 (t, J=
7.2 Hz, 9H, Si(CH,CHs;)s), 0.69 (q, /J=7.2Hz, 6H, Si(CH,CHs;);), 0.59—
0.48 ppm (m, 6H, Si(CH,CH,);); "C NMR (CDClL): §=201.77, 173.79,
169.35, 168.48, 161.21, 145.56, 134.71, 129.23, 128.59, 128.44, 128.03, 78.40,
72.26, 68.03, 63.07, 61.73, 61.57, 61.36, 60.63, 59.63, 42.75, 29.67, 19.54,
18.69, 17.80, 17.39, 14.28, 7.20, 6.89, 6.78, 5.11 ppm; HRMS (FAB): m/z
[M+H]* caled for C,H;(NsOgS,SeSi,: 948.3375; found: 948.3369.

Epoxy alcohols 67 and 68 from 63: To a solution of 63 (100 mg, 3.20 x
10~ mmol) in dry toluene (3.2 mL) at —78°C under Ar atmosphere were
added HMPA (0.0613 mL, 3.52x10~' mmol) and 3m MeMgBr in Et,0
(0.117 mL, 3.51x 10~" mmol). After stirring at —78°C for 0.5 h, the reac-
tion mixture was quenched with saturated aqueous NH,Cl (5 mL) and
the mixture was extracted with AcOEt (5 mL x3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (30% AcOEt/hexane) to afford
67 (50.0 mg, 48%) as a colorless foam, 68 (15.8 mg, 15%) as a colorless
foam, and the recovered 63 (20.0 mg, 20%) as a colorless foam. 67: R;=
039 (70% AcOEt/hexane); m.p. 125-126°C (not recrystallized); [a]2
—22.3 (91% ee) (c 1.00, CHCL;); IR (CHCLy): #=3620, 1730, 1440, 1422,
1309, 1125, 876 cm™'; "H NMR (CDCly): 6=8.40 (s, 1H, H-3), 5.39 (dq,
J=32, 6.4 Hz, 1H, CH(CH;)OH), 5.34 (ddd, /=1.8, 1.8, 5.4 Hz, 1H, H-
5), 440 (d, J=3.4 Hz, 1H, H-8), 4.02 (s, 3H, CO,Me), 3.98-3.93 (m, 1H,
H-7), 3.12 (ddd, /=18, 1.8, 16.8 Hz, 1H, H-6), 2.51 (ddd, /=0.9, 5.4,
16.8 Hz, 1H, H-6), 2.21 (d, J=3.2 Hz, 1H, CH(CH;)OH), 1.51 ppm (d,
J=6.4Hz, 3H, CH(CH;)OH); "CNMR (CDCL): 6=165.07, 154.68,
152.54, 147.91, 130.48, 122.55, 64.19, 54.04, 53.10, 34.92, 30.38, 24.61 ppm;
HRMS (FAB): m/z [M+H]* caled for C3H;sNO,Br: 328.0184; found:
328.0187. 68: R;=0.24 (70% AcOEt/hexane); m.p. 128-129°C (not re-
crystallized); [} +21.0 (91% ee) (c 1.00, CHCL); IR (CHCLy): #=3620,
1728, 1440, 1423, 1310, 1128, 879 cm™'; "H NMR (CDCl;): §=8.29 (s, 1 H,
H-3), 5.66 (ddd, J=1.5, 1.5, 5.2 Hz, 1H, H-5), 5.30 (dq, /J=4.2, 6.4 Hz,
1H, CH(CH;)OH), 441 (d, /=15, 1.5, 3.8 Hz, 1H, H-8), 4.02 (s, 3H,
CO,Me), 3.99-3.94 (m, 1H, H-7), 3.13 (ddd, /=1.5, 1.5, 16.8 Hz, 1H, H-
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6), 2.53 (ddd, J=0.8, 5.4, 168 Hz, 1 H, H-6), 1.94 (d, /—42 Hz, 1H, CH-
(CH,)OH), 1.66ppm (d, J=64Hz, 3H, CH(CH;)OH); “CNMR
(CDCly): 6=165.14, 153.13, 147.75, 131.78, 122.85, 64.10, 54.23, 53.38,
53.15, 34.81, 30.83, 23.69 ppm; HRMS (FAB): m/z [M+H]* caled for
C3H;sNO,Br: 328.0184; found: 328.0181.

Methoxyquinoline 69: To a solution of 67 (24.5 mg, 7.47x 107> mmol) in
dry THF (0.75mL) at 0°C under Ar atmosphere was added DBU
(0.0335 mL, 2.24 x 10" mmol). The reaction mixture was stirred at room
temperature for 1 h and then 1M aqueous HCI (0.75 mL) was added at
0°C. After stirring at room temperature for 1 h, to the reaction mixture
was added H,O (1 mL), and the mixture was extracted with AcOEt
(2mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated to afford the crude 8-quinolinol (18.2 mg).
The crude 8-quinolinol was dissolved in MeOH (0.6 mL), followed by ad-
dition of CH,N, in Et,0. After stirring at room temperature for 1 h, the
reaction mixture was quenched with saturated aqueous NaHCO; (2 mL)
and the mixture was extracted with AcOEt (2 mL x3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (15% acetone/hexane) to
afford 69 (15.9 mg, 83%) as colorless solids: R;=0.46 (30% acetone/
CHCL); [a]y =763 (¢ 1.00, EtOH); UV (EtOH) 2., nm (log ¢€): 343
(3.15), 303 (3.23), 254 (4.18); m.p. 170-171°C (not recrystallized); IR
(nujol): #=3400, 1735 cm™'; '"H NMR (CDCl,): 6=38.38 (s, 1 H, H-3), 7.58
(d, J=3.4Hz, 1H, H-5), 7.55 (d, J=4.8 Hz, 1H, H-7), 7.05 (dd, /=34,
48 Hz, 1H, H-6), 5.61 (q, J=6.6 Hz, 1H, CH(CH;)OH), 4.08 (s, 3H,
CO,Me), 4.04 (s, 3H, OMe), 2.55 (brs, CH(CH;)OH), 1.65 ppm (d, /=
6.6 Hz, 3H, CH(CH;)OH); '"HNMR (CD;CO,D): 6=8.37 (s, 1H, H-3),
7.60 (m, 2H, aromatic H), 7.16 (d, /J=7.2 Hz, 1 H, aromatic H), 5.70 (q,
J=6.5Hz, 1H, CH(CH;)OH), 4.01 (s, 3H, CO,Me), 3.98 (s, 3H, OMe),
1.61 ppm (d, J=6.5Hz, 3H, CH(CH;)OH); “CNMR(CDCL): 6=
166.06, 156.44, 152.80, 146.52, 139.63, 129.08, 127.58, 117.22, 114.49,
107.66, 66.46, 56.14, 53.05, 24.35 ppm; HRMS (FAB): m/z [M+H]* caled
for C,H(NO,: 262.1079; found: 262.1081 [Ref. [8a]: [a]> —79 (c 1.00,
EtOH); m.p. darkened at 161-168°C , melted at 174°C; IR (nujol): 7=
3300, 1735ecm™; UV A% nm (E}Z): 347 (128), 317, 307, 254 (1553);
'"H NMR (CD;CO,D): 6=8.37 (aromatic H), 7.58 (side chain aH), 7.16,
4.00 (OMe), 1.60ppm (d, 3H). Elemental analysis (%) calcd for
CHsNO,: C64.36, HS5.79, N 536, O24.49; found: C63.72, H 6.00,
N 5.48, O 24.05; Ref. [2c]: [a] —78 (c 1.6, EtOH); m.p. about 161-168°C
to 175-177°C; IR: #=3400, 1750 cm™"; UV 2™ nm (E}%): 347 (115),
254 (1500); '"HNMR (CD,CO,D): 0=8.24 (s, pyridine H-3), 7.50 (d,
2H), 7.17 (m, 1H), 5.63 (d, 1H, side-chain a-carbon proton), 3.96 (s, 6 H,
OMe), 1.59 ppm (d, /J=6.5Hz, 3H). Elemental analysis (%) calcd for
C,H;sNO,: C64.36, H 5.79, N 5.36; found: C 64.50, H 6.09, N 5.58].

Dihydroquinoline 59: To a solution of 61 (9.50 g, 49.7 mmol) in acetalde-
hyde (350 mL) and H,0O (250mL) at 0°C were slowly added TFA
(3.69 mL, 49.7 mmol), FeSO,7H,0 (1.38 g, 4.96 mmol), and 31% aque-
ous H,0, (9.74 mL, 97.7 mmol). After stirring at room temperature for
4 h, the reaction mixture was quenched with saturated aqueous NaHCO;
(500 mL), saturated aqueous Na,S,0; (250 mL), and H,0O (250 mL). The
mixture was extracted with AcOEt (1 Lx3). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated. The residue
was chromatographed on silica gel (5% acetone/CHCl;) to afford methyl
4-acetyl-5,6,7,8-tetrahydroquinoline-2-carboxylate 60 (9.73 g, 84%) as
colorless solids: R;=0.62 (50% AcOEt/hexane); '"HNMR (CDCl;): 0=
8.05 (s, 1H, H-3), 4.02 (s, 3H, CO,Me), 3.10 (t, /=6.0 Hz, 2H, H-8), 2.97
(t, J=6.0 Hz, 2H, H-5), 2.61 (s, 3H, CH;C(0O)), 1.91-1.82 ppm (m, 4H,
H-6 and H-7). To a solution of 60 (11.3 g, 48.4 mmol) in CH,Cl, (162 mL)
at 0°C was slowly added 65 % MCPBA (25.7 g, 96.8 mmol). After stirring
at room temperature for 7 h, saturated aqueous NaHCO; (150 mL), satu-
rated aqueous Na,S,0; (100 mL), and H,O (100 mL) were slowly added
and the resulting mixture was extracted with CHCl; (250 mL x3). The
combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (40% ace-
tone/hexane) to afford 70 (10.6 g, 88 %) as colorless solids. To a solution
of 70 (7.00 g, 28.1 mmol) in dry CH,Cl, (280 mL) at 0°C under Ar atmos-
phere was added dropwise Tf,0 (5.60 mL, 33.3 mmol) over 10 min. After
stirring at 0°C for 10 min, a solution of NEt; (19.6 mL, 141 mmol) in dry
CH,Cl, (280 mL) was added dropwise over 1 h. The reaction mixture was
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stirred at room temperature for 5h, quenched with H,O (450 mL), and
extracted with CHCl; (1 Lx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (40:60:2 acetone/hexane/NEt;) to afford 59
(6.36 g, 98%) as a colorless syrup: R;=0.63 (70% AcOEt/hexane); m.p.
118-120°C (not recrystallized); IR (CHCL;): 7=1720, 1695, 1450, 1425,
1315, 1240, 1155, 980, 895, 785 cm™'; "H NMR (CDCl;): 6=8.08 (s, 1H,
H-3), 6.82 (dt, J=1.6, 10.0 Hz, 1H, H-8), 6.49 (dt, /J=4.5, 10.0 Hz, 1H,
H-7), 4.02 (s, 3H, CO,Me), 3.12 (t, J=8.0 Hz, 2H, H-5), 2.64 (s, 3H,
CH,C(0)), 2.45-2.32 ppm (m, 2H, H-6); *C NMR (CDCl;): 6=200.63,
165.46, 155.26, 145.51, 144.11, 136.06, 132.81, 129.20, 121.12, 52.98, 29.73,
23.93, 22.12 ppm; HRMS (EI): m/z [M]* caled for C;3H,;NO;: 231.0895;
found: 231.0889.

Epoxytetrahydroquinoline 79: To a solution of 59 (13.9 mg, 0.0601 mmol)
and 97% 4-phenylpyridine N-oxide (5.1 mg, 0.030 mmol) in CH,;CN
(0.12mL) at —10°C were added (R,R)-Mn-salen catalyst 81 (2.9 mg,
0.0046 mmol) and iodosobenzene (26.4 mg, 0.120 mmol). After stirring at
—10°C for 15h, the reaction mixture was filtered through celite and
evaporated. H,O (2 mL) was added and the mixture was extracted with
AcOEt (2 mLx3). The combined extracts were dried over Na,SO,, fil-
tered through celite, and evaporated. The residue was chromatographed
on silica gel (20% acetone/hexane) to afford epoxide 79 (10.9 mg, 73 %,
82 % ee) as colorless solids. The enantiomeric exess of 79 was determined
by chiral HPLC analysis (Daicel Chiralcel OD column, 4.6x250 mm,
90:10 hexane-IPA; 1 mLmin~!, 254 nm, =20.6 min; enantiomer of 79,
t=30.8 min). 79: R;=0.40 (30% acetone/hexane); m.p. 90-93°C (not re-
crystallized); [a]y +58.8 (¢ 1.00, CHCL;); IR (CHCl,): #=3010, 2960,
1715, 1685, 1550, 1440, 1410, 1300, 1245, 1155, 1075, 1005, 820, 780 cm™;
'"HNMR (CDCL): =820 (s, 1H, H-3), 429 (d, J=4.0 Hz, 1H, H-8),
4.05 (s, 3H, CO,Me), 3.85 (m, 1H, H-7), 3.06 (dddd, /=1.4, 1.4, 54,
17.2 Hz, 1H, H-5), 2,76 (ddd, J=6.8, 13.2, 17.2 Hz, 1 H, H-5), 2.61 (s, 3H,
CH;C(0)), 2.57-2.43 (m, 1H, H-6), 1.76 ppm (ddd, J=5.4, 13.2, 14.1 Hz,
1H, H-6); "CNMR (CDCl;): 6=200.42, 165.00, 155.45, 145.70, 145.51,
133.74, 122.40, 55.10, 53.81, 53.15, 30.01, 20.88, 20.30 ppm; HRMS (EI):
mlz [M]* caled for C;3H;sNO,: 247.0845; found: 247.0846 [80: R;=0.56
(30% acetone/hexane); '"H NMR (CDCL;): 6=8.55 (dd, J=1.0, 8.8 Hz,
1H, H-8), 845 (s, 1H, H-3), 8.36 (brd, /J=8.4, 1H, H-5), 7.86 (ddd, J=
0.8, 7.6, 8.8 Hz, 1H, H-7), 7.76 (ddd, /=1.0, 7.6, 8.4 Hz, 1 H, H-6), 4.13 (s,
3H, CO,Me), 2.82 ppm (s, 3H, CH;C(O))].

Epoxybromide 58 and its epimer 82: To a solution of 79 (4.80g,
19.4 mmol) in CCl, (200 mL) were added NBS (3.83 g, 21.5 mmol) and
AIBN (321 mg, 1.95 mmol). The reaction mixture was stirred and irradi-
ated with a 140-W sun lamp at 60°C for 5h. H,O (200 mL), saturated
aqueous Na,S,0; (100 mL), and saturated aqueous NaHCO; (100 mL)
were added and the mixture was extracted with CHCl; (500 mL x 3). The
combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50%
AcOEt/hexane) to afford 58 (4.28 g, 67%) as colorless solids and 82
(685 mg, 11%) as colorless solids. 58: R;=0.45 (40% AcOEt/CHCl;);
m.p. 159-161°C (not recrystallized); [a]h —92.7 (¢ 1.00, CHCl;); IR
(CHCL,): #=3085, 3005, 2955, 1720, 1560, 1420, 1320, 1250, 1150, 1130,
780 cm™'; "H NMR (CDCl;): 6=8.19 (s, 1H, H-3), 6.04 (ddd, /J=1.8, 1.8,
5.8, Hz, 1H, H-5), 440 (d, J=3.8 Hz, 1H, H-8), 4.07 (s, 3H, CO,Me),
4.01-3.95 (m, 1H, H-7), 3.07 (ddd, J=1.8, 1.8, 17.2 Hz, 1 H, H-6), 2.68 (s,
3H, CH,C(0)), 2.57 ppm (brdd, J=5.8, 17.2 Hz, 1H, H-6); *C NMR
(CDCl;): 0=200.70, 164.46, 154.18, 147.63, 145.72, 132.12, 122.49, 54.45,
53.37, 53.04, 33.63, 30.00, 29.78 ppm; HRMS (EI): m/z [M]* calcd for
C;;H;,NO,”Br: 324.9950; found: 324.9960. 82: R;=0.61(40% AcOEt/
CHClL;); '"H NMR (CDCL): 6=8.22 (s, 1H, H-3), 5.86 (dd, J=4.8, 5.2 Hz,
1H, H-5), 423 (d, J=3.8 Hz, 1H, H-8), 4.07 (s, 3H, CO,Me), 3.94-3.86
(m, 1H, H-7),2.94 (ddd, J=3.5, 5.2, 16.0 Hz, 1H, H-6), 2.71 (ddd, J=1.8,
4.8,16.0 Hz, 1H, H-6), 2.68 ppm (s, 3H, CH;C(O)).

Epoxy alcohols 67 and 68 from 58: To a solution of 58 (4.60g,
14.1 mmol) in MeOH (141 mL) at —78°C under Ar atmosphere was
added NaBH, (2.40 g, 63.4 mmol). After stirring at —78°C for 19 h, the
reaction mixture was quenched with saturated aqueous NH,Cl (50 mL)
and H,O (50 mL). The mixture was extracted with AcOEt (100 mL x 3).
The combined extracts were dried over Na,SO,, filtered through celite,
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and evaporated. The residue was chromatographed on silica gel (60%
AcOEt/hexane) to afford alcohol 67 (4.38 g, 95%) as a colorless foam
and 68 (170 mg, 4 %) as a colorless foam.

TBS ether 85: To a solution of 67 (20.6 mg, 6.28x 1072 mmol) in dry
CH,CI, (0.63 mL) at 0°C under Ar atmosphere were added 2,6-lutidine
(0.0146 mL, 125x10"'mmol) and TBSOTf (0.0173mL, 7.53x
1072 mmol). After stirring at 0°C for 0.5h, the reaction mixture was
quenched with H,O (2mL) and saturated aqueous NaHCO; (0.50 mL).
The mixture was extracted with AcOEt (1 mLx3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (40 % AcOEt/hexane) to
afford the silylated bromide (22.7 mg, 82%) as a colorless syrup: R;=
0.65 (70% AcOEt/hexane); [a]f —35.3 (91% ee) (¢ 1.00, CHCL); IR
(CHCLy): 7=3622, 1730, 1440, 1424, 1315, 1300, 1130, 875 cm™!; 'H NMR
(CDCL): 6=837 (s, 1H, H-3), 531-522 (m, 2H, H-5 and CH-
(CH;)OTBS), 4.37 (d, J=3.9 Hz, 1H, H-8), 4.00 (s, 3H, CO,Me), 3.94—
3.90 (m, 1H, H-7), 3.08 (brd, /J=16.8 Hz, 1H, H-6), 2.46 (brdd, /=52,
16.8 Hz, 1H, H-6), 1.39 (d, /=6.3 Hz, 3H, CH(CH;)OTBS) 0.91 (s, 9H,
SiMe,rBu), 0.09 (s, 3H, SiMe,rBu), —0.05ppm (s, 3H, SiMe,/Bu);
BCNMR (CDCL): §=165.26, 155.62, 152.37, 147.84, 129.95, 122.77,
65.38, 53.91, 53.22, 34.85, 30.48, 26.58, 25.70, 17.97, —4.78, —4.93 ppm;
HRMS (FAB): m/z [M+H]* caled for C,H,NO,Si*Br: 444.1029;
found: 444.1032. To a solution of this sample (1.17 g, 2.64 mmol) in dry
THF (26 mL) at 0°C under Ar atmosphere was added DBU (1.38 mL,
9.23 mmol). After stirring at room temperature for 1 h, the reaction mix-
ture was quenched with H,O (20 mL) and the mixture was extracted with
AcOEt (30 mLx3). The combined organic layers were washed with
brine, dried over Na,SO,, filtered through celite, and evaporated. The
residue was chromatographed on silica gel (40% AcOEt/hexane) to
afford 85 (909 mg, 95%) as a colorless foam: R;=0.35 (30% AcOEt/
hexane); 'HNMR (CDCly): 6=8.31 (s, 1H, H-3), 7.08 (dd, J=14,
10.0 Hz, 1H, H-5), 6.67 (dd, J=3.4, 10.0Hz, 1H, H-6), 517 (q, J=
6.5 Hz, 1H, CH(CH;)OTBS), 4.82 (d, J=3.8 Hz, 1H, H-8), 4.16 (ddd, /=
1.4, 34, 3.8 Hz, 1H, H-7), 4.02 (s, 3H, CO,Me), 1.40 (d, J=6.5Hz, 3H,
CH(CH;)OTBS), 0.87 (s, 9H, SiMe,Bu), 0.04 (s, 3H, SiMe,/Bu),
—0.08 ppm (s, 3H, SiMe,Bu); "CNMR (CDCly): 6=165.43, 153.05,
152.07, 146.33, 129.24, 126.18, 125.12, 122.56, 67.53, 58.51, 53.16, 52.96,
25.97,25.63, 18.02, —4.93, —5.01 ppm; HRMS (FAB): m/z [M +H]* caled
for C,yH,xNO,Si: 362.1788; found: 362.1787.

tert-Butyl ester 56: To a solution of 85 (12.8 mg, 3.54x 107> mmol) in dry
Et,0 (0.35mL) at 0°C under Ar atmosphere was added 90% TMSOK
(5.1 mg, 3.6 x 107> mmol). After stirring at 0°C for 0.5 h, the reaction mix-
ture was quenched with saturated aqueous NH,Cl (2 mL) and the mix-
ture was extracted with AcOEt (2 mLx3). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated to afford 86
(12.4 mg, quantitative yield) as colorless solids: '"H NMR (CDCl,): 6=
8.41 (s, 1H, H-3), 7.15 (dd, J=1.8, 9.8 Hz, 1H, H-5), 6.74 (dd, /=38,
9.8 Hz, 1H, H-6), 521 (q, /=6.0 Hz, 1H, CH(CH;)OTBS), 4.73 (d, /=
3.8 Hz, 1H, H-8), 423 (ddd, /=1.8, 3.8, 3.8 Hz, 1H, H-7), 143 (d, /=
6.0 Hz, 3H, CH(CH,;)OTBS) 0.89 (s, 9H, SiMe,rBu), 0.08(s, 3H, Si-
Me,tBu), —0.04 ppm (s, 3H, SiMe,Bu). To a solution of 86 (12.4 mg,
3.54x 10> mmol) in tBuOH (0.35 mL) under Ar atmosphere were added
DMAP (1.3mg, 1.1x10?mmol) and Boc,O (0.0163mL, 7.09x
1072 mmol). After stirring at room temperature for 3 h, the reaction mix-
ture was diluted with toluene (2 mL) and evaporated. The residue was
chromatographed on silica gel (30% AcOEt/hexane) to afford 56
(12.3mg, 86% from 85) as a colorless foam: R;=0.65 (50% AcOEt/
hexane); [a]y —3.4 (¢ 1.00, CHCL); IR (CHCL): #=3620, 2975, 1720,
1370, 1310, 1150, 1140, 1090, 1050, 880 cm™'; "H NMR (CDCl,): 6 =823
(s, 1H, H-3), 7.01 (dd, J=1.8, 9.9 Hz, 1H, H-5), 6.65 (dd, J=3.6, 9.9 Hz,
1H, H-6), 5.18 (q, /=63 Hz, 1H, CH(CH,)OTBS), 4.84 (d, /J=3.6 Hz,
1H, H-8), 4.16 (ddd, J=1.8, 3.6, 3.6 Hz, 1H, H-7), 1.64 (s, 1 H, Bu), 1.41
(d, J=6.3 Hz, 3H, CH(CH;)OTBS) 0.90 (s, 9H, SiMe,Bu), 0.06 (s, 3H,
SiMe,Bu), —0.07 ppm (s, 3H, SiMe,/Bu); *C NMR(CDCl,): 6=163.72,
152.94, 152.00, 147.83, 128.89, 125.44, 125.02, 121.78, 82.21, 67.17, 58.69,
53.13, 28.05, 26.02, 25.66, 18.02, —4.88, —5.03 ppm; HRMS (FAB): m/z
[M+H]* caled for C,H;,NO,Si: 404.2257; found: 404.2278.
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Adduct 87: To a solution of 56 (75% ee; 20.0 mg, 4.96 x 10> mmol) and
H-L-Val-OFm 57 (29.3 mg, 9.92x10? mmol) in CH,CI, (0.025 mL) was
added Yb(OTf); (6.1 mg, 9.9x10~* mmol) in H,O (0.050 mL). The reac-
tion mixture was stirred at room temperature for 5 days, then diluted
with CHCl; (2 mL), and the mixture was washed with brine (2 mL x2).
The organic layers were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (30%
AcOEt/hexane) to afford 87 (16.6 mg, 48 %) as a colorless foam, the dia-
stereomer of 87 (2.4 mg, 7%) as a colorless foam, the regioisomer of 87
(2.1 mg, 6%) as a colorless foam, and the recovered 56 (2.6 mg, 13%) as
a colorless foam. 87: R;=0.59 (30% AcOEt/hexane); [a]y —56.0 (¢ 1.00,
CHCl;); IR (CHClLy): v=3620, 2975, 1725, 1470, 1180, 1095, 1045, 900,
880 cm'; '"H NMR (CDCly): 6=8.08 (s, 1H, quinoline H-3), 7.76-7.68
(m, 2H, Fm H-4 and H-5), 7.66-7.58 (m, 2H, Fm H-3 and H-6), 7.40-
7.22 (m, 4H, Fm H-1, H-2, H-7 and H-8), 6.71 (dd, /=24, 10.0 Hz, 1H,
quinoline H-5), 6.09 (dd, /=1.8, 10.0 Hz, 1H, quinoline H-6), 5.01 (q, J=
6.5 Hz, 1H, CH(CH;)OTBS), 4.80 (brs, 1H, NH), 4.66 (d, /J=12.0 Hz,
1H, quinoline H-8), 4.53 (d, /=6.5 Hz, 2H, Fm CH,), 4.21 (t,J=6.5, 1H,
Fm H-9), 3.40 (ddd, J=1.8, 2.4, 12.0 Hz, 1H, quinoline H-7), 3.29 (d, /=
5.6 Hz, 1H, Val H-a), 2.43 (s, 1H, OH), 1.95 (dqq, /=5.6, 6.8 Hz, 1H,
Val H-), 1.61 (s, 9H, CO,rBu), 1.41 (d, J=6.5 Hz, 3H, CH(CH;)OTBS),
0.96 (d, /=6.8 Hz, 3H, Val Me-f), 0.94 (d, /=6.8 Hz, 3H, Val Me-p),
0.91 (s, 9H, SiMe,Bu), 0.07 (s, 3H, SiMe,Bu), —0.05 ppm (s, 3H, Si-
Me,/Bu); “CNMR(CDCl,): 6=174.82, 163.79, 156.11, 150.50, 145.95,
143.69, 141.27, 135.02, 127.62, 127.03, 126.99, 126.08, 124.94, 121.50,
120.68, 119.87, 81.86, 72.73, 67.66, 65.98, 64.48, 59.30, 46.99, 31.85, 28.06,
25.68, 19.47, 18.25, 18.05, —4.91, —5.03 ppm; HRMS (FAB): m/z [M+
H]* caled for C,HssN,OSi: 699.3829; found: 699.3807. Diastereomer of
87: R;=0.54 (30% AcOEt/hexane); '"HNMR (CDClL): §=8.08 (s, 1H,
quinoline H-3), 7.78-7.69 (m, 2H, Fm H-4 and H-5), 7.67-7.57 (m, 2H,
Fm H-3 and H-6), 7.42-7.20 (m, 4H, Fm H-1, H-2, H-7 and H-8), 6.68
(dd, J=2.5, 10.4 Hz, 1H, quinoline H-5), 5.92 (dd, J=1.8, 10.4 Hz, 1H,
quinoline H-6), 5.01 (q, J=6.3 Hz, 1H, CH(CH;)OTBS), 4.78 (brs, 1H,
NH), 4.72 (d, J=11.2 Hz, 1H, quinoline H-8), 4.55 (dd, /=6.4, 10.8 Hz,
1H, Fm CH,), 449 (dd, /=6.4, 10.8 Hz, 1H, Fm CH,), 422 (dd, /=64,
6.4 Hz, 1H, Fm H-9), 3.66 (d, J=5.8 Hz, 1H, Val H-a), 3.55 (ddd, J=1.8,
2.5, 11.2 Hz, 1H, quinoline H-7), 2.08-1.76 (m, 2H, Val H-f and OH),
1.62 (s, 9H, CO,rBu), 1.40 (d, J=6.3 Hz, 3H, CH(CH;)OTBS), 0.97 (d,
J=6.8 Hz, 3H, Val Me-f), 0.91 (d, /=6.8 Hz, 3H, Val Me-f), 0.90 (s,
9H, SiMe,rBu), 0.06 (s, 3H, SiMe,rBu), —0.06 ppm (s, 3H, SiMe,rBu).
Regioisomer of 87: R;=0.41 (30% AcOEt/hexane); '"HNMR (CDCl;):
0=8.10 (s, 1H, quinoline H-3), 7.78-7.69 (m, 2H, Fm H-4 and H-5),
7.66-7.58 (m, 2H, Fm H-3 and H-6), 7.42-7.18 (m, 4H, Fm H-1, H-2, H-7
and H-8), 6.56 (dd, J=2.0, 10.4 Hz, 1H, quinoline H-5), 6.24 (dd, /=1.8,
10.4 Hz, 1H, quinoline H-6), 5.07 (q, /J=6.4 Hz, 1H, CH(CH;)OTBS),
4.68 (dd, J=6.2, 10.8 Hz, 1H, Fm CH,), 4.50-4.37 (m, 2H, quinoline H-7,
Fm CH,), 4.22 (dd, /=62, 6.2 Hz, 1 H, Fm H-9), 3.87 (d, J=12.0 Hz, 1 H,
quinoline H-8), 3.69 (d, J=4.4 Hz, 1H, NH), 2.96 (d, J=3.0 Hz, 1H, Val
H-a), 2.20-2.02 (m, 1H, Val H-$), 1.55 (s, 9H, CO,Bu), 1.33 (d, J=
6.4 Hz, 3H, CH(CH;)OTBS), 1.01 (d, J=6.8 Hz, 3H, Val Me-f), 0.92 (d,
J=6.8Hz, 3H, Val Me-B), 091 (s, 9H, SiMe,/Bu), 0.06 (s, 3H, Si-
Me,rBu), —0.04 ppm (s, 3H, SiMe,rBu). H-L-Val-OFm 57 was prepared
as follows: To a solution of L-valine (3.29 g, 28.1 mmol) and 1M aqueous
NaOH (28.0 mL) in 1,4-dioxane (60 mL) and H,O (30 mL) was added
Boc,0 (7.10 mL, 30.9 mmol). The reaction mixture was stirred at room
temperature for 3h and washed with Et,0 (50 mLx3). The aqueous
layer was acidified with 1M aqueous HCI (30 mL) at 0°C and extracted
with Et,0 (50 mLx3). The combined extracts were dried over Na,SO,,
filtered through celite, and evaporated to afford Boc-L-Val-OH (6.10 g,
quantitative yield) as a colorless syrup. To a solution of Boc-L-Val-OH
(1.67 g, 7.69 mmol) and 9-fluorenylmethanol (1.51g, 7.69 mmol) in
CH,Cl, (30mL) were added DMAP (93.9 mg, 7.69x 10~ mmol) and
DCC (1.59 g, 7.69 mmol). After stirring at room temperature for 2 h, the
reaction mixture was evaporated and AcOEt was added to the residue.
The suspension was filtered through celite and the filirate was evaporat-
ed. The residue was chromatographed on silica gel (8% AcOEt/hexane)
to afford Boc-L-Val-OFm (2.76 g, 91 %) as colorless solids. To a solution
of Boc-L-Val-OFm (39.3 mg, 9.92 x 10~ mmol) in CH,Cl, (0.5 mL) at 0°C
was added TFA (0.5 mL). The reaction mixture was stirred at room tem-

Chem. Asian J. 2008, 3, 984 -1012





Construction of Synthetic Segments of Siomycin A

perature for 1h and evaporated. The residue was dissolved in Et,O
(3 mL) and this was basified with aqueous NaHCOj;, and the mixture was
extracted with Et,0 (3 mLx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated to afford H-L-Val-OFm
57 (29.3 mg, quantitative yield) as a colorless syrup: 'H NMR (CDCL):
0=7.80-7.72 (m, 2H, Fm H-4 and H-5), 7.65-7.54 (m, 2H, Fm H-3 and
H-6), 7.46-7.24 (m, 4H, Fm H-1, H-2, H-7 and H-8), 4.58-4.42 (m, 2H,
Fm CH,), 4.21 (br dd, /=6.2, 6.2 Hz, 1H, Fm H-9), 3.31 (d, /=5.0 Hz,
1H, H-a), 1.97 (m, 1H, H-B), 0.92 (d, /=6.8 Hz, 3H, Me-B), 0.81 ppm
(d, J=6.8 Hz, 3H, Me-p).

Segment C (6) : To a solution of 87 (27.4 mg, 3.92x 107> mmol) in dry
CH,Cl, (0.39 mL) at 0°C under Ar atmosphere were added 2,6-lutidine
(0.0457 mL, 7.84x10?mmol) and TBSOTf (0.0270 mL, 4.70x
107> mmol). After stirring at 0°C for 15 min, the reaction mixture was
quenched with H,O (2mL) and saturated aqueous NaHCOj; (0.50 mL).
The mixture was extracted with CHCl; (3 mL x 3). The combined extracts
were dried over Na,SO,, filtered through celite, and evaporated. The resi-
due was chromatographed on silica gel (10% AcOEt/hexane) to afford
the TBS ether (30.5 mg, 96 %) as a colorless syrup. To a solution of TBS
ether (20.6 mg, 2.53x 107> mmol) in dry CH,Cl, (0.25 mL) at 0°C under
Ar atmosphere was added B-bromocatecholborane (10.1 mg, 5.07x
107> mmol). After stirring at room temperature for 1day, the reaction
mixture was quenched with H,O (2 mL). The mixture was extracted with
CHCIl; 3mLx1) and AcOEt (3 mLx2). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated. The residue
was chromatographed on silica gel (3% MeOH/CHCL,) to afford carbox-
ylic acid 6 (15.1 mg, 79%) as a colorless syrup: R;=0.60 (10% MeOH/
CHCL); [a]y —113.7 (¢ 1.00, CHCL); IR (KBr): #=2955, 2925, 2360,
2855, 1775, 1725, 1260, 1140, 1100, 840, 740 cm™'; 'H NMR (CDCLy): 6 =
8.28 (s, 1H, quinoline H-3), 7.81-7.68 (m, 2H, Fm H-4 and H-5), 7.64—
7.52 (m, 2H, Fm H-3 and H-6), 7.45-7.22 (m, 4H, Fm H-1, H-2, H-7 and
H-8), 6.76 (dd, /=0.8, 10.2 Hz, 1H, quinoline H-5), 6.15 (dd, /=34,
10.2 Hz, 1H, quinoline H-6), 5.09 (q, J=6.1 Hz, 1H, CH(CH;)OTBS),
4.69 (d, J=7.6 Hz, 1H, quinoline H-8), 4.56 (dd, /=6.3, 10.8 Hz, 1H, Fm
CH,), 4.50 (dd, J=6.3, 10.8 Hz, 1H, Fm CH,), 4.17 (dd, /=6.3, 6.3 Hz,
1H, Fm H-9), 3.47 (ddd, /=0.8, 3.4, 7.6 Hz, 1H, quinoline H-7), 3.10 (d,
J=5.5Hz, 1H, Val H-a), 1.81 (dqq, J=5.5, 7.0, 7.0 Hz, 1H, Val H-),
1.37 (d, J=6.1 Hz, 3H, CH(CH;)OTBS), 0.93 (s, 9H, SiMe,rBu), 0.89 (s,
9H, SiMe,rBu), 0.85 (d, /=7.0Hz, 3H, Val Me-f), 0.79 (d, J=7.0 Hz,
3H, Val Me-f), 0.16 (s, 3H, SiMe,Bu), 0.06 (s, 3H, SiMe,/Bu), 0.04 (s,
3H, SiMe,Bu), —0.04 ppm (s, 3H, SiMe,tBu); “C NMR(CDCL): 6=
174.55, 164.18, 155.82, 152.38, 143.55, 143.22, 141.36, 133.38, 128.25,
127.81, 127.10, 127.06, 124.84, 124.75, 121.33, 120.50, 120.03, 74.04, 67.29,
66.02, 63.80, 56.95, 47.01, 31.73, 25.74, 25.69, 25.58, 19.37, 18.16, —4.23,
—4.53, —4.87, —4.95ppm; HRMS (FAB): m/z [M+H]* caled for
C3HgN,OgSi,: 757.4068; found: 757.4076.

Phenylselenoalanine 89: To a solution of 88 (1.00 g, 5.34 mmol) in de-
gassed dry DMF (13 mL) at room temperature under Ar atmosphere was
added benzeneselenol (0.681 mL, 6.41 mmol). After stirring at room tem-
perature for 2 h, the reaction mixture was quenched with 1M aqueous
NaOH (6 mL) and H,O (10 mL), and the mixture was washed with Et,0
(10 mL x3). The aqueous layer was acidified with 1M aqueous HCI to
pH?2 at 0°C and extracted with AcOEt (30 mL x3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (0-5% MeOH/CHCI;) to
afford 89 (1.84 g, quantitative yield): R;=0.61 (10% MeOH/CHCL);
'"H NMR (CDCLy): 6=7.60-7.48 (m, 2H, Ph), 7.30-7.18 (m, 3H, Ph), 5.50
(brd, J=7.2 Hz, 1H, BocNH), 4.70-4.56 (m, 1H, H-a), 3.44 (dd, J=12.0,
4.6 Hz, 1H, H-p), (dd, J=12.0, 5.2 Hz, 1H, H-$), 1.40 ppm (s, 9H, Boc).
Phenylselenoalanine  Fm ester 90: To a solution of 89 (996 mg,
2.89 mmol) and 9-fluorenylmethanol (568 mg, 2.89 mmol) in dry CH,Cl,
(15mL) at 0°C under Ar atmosphere were added DMAP (35.3 mg,
2.89x 107" mmol) and DCC (597 mg, 2.89 mmol). After stirring at room
temperature for 4 h, the reaction mixture was evaporated and AcOEt
was added to the residue. The suspension was filtered through celite and
the filtrate was evaporated. The residue was chromatographed on silica
gel (10% AcOEt/hexane) to afford 90 (1.23 g, 82% from 88): R;=0.61
(20% AcOEt/hexane); m.p. 109-110°C (not recrystallized); [a]}; +18.6
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(c 1.00, CHCl,); IR (CHCL,): #=3620, 3435, 2980, 1765, 1710, 1580, 1420,
1300, 1130, 875 cm™'; '"H NMR (CDCl,): 6 =7.80-7.72 (m, 2H, Fm), 7.57-
7.15 (m, 11H, Fm and PhSe), 5.34 (brd, J=8.0 Hz, 1H, NHBoc), 4.72
(dt, J=5.0, 8.0 Hz, 1H, H-0), 424 (brdd, J=6.5, 9.2 Hz, 1H, Fm CH,),
4.14-4.01 (m, 2H, Fm CH, and H-9), 3.28 (d, /J=5.0Hz, 2H, H-f),
1.42ppm (s, 9H, Boc); B*CNMR (CDCly): 6=170.57, 154.92, 143.36,
14324, 141.24, 141.17, 133.67, 129.10, 128.78, 127.83, 127.50, 127.12,
127.09, 125.03, 124.93, 120.00, 119.97, 80.06, 67.16, 53.28, 46.49, 30.50,
28.23 ppm; HRMS (FAB): m/z [M+H]" caled for C,H;NO,*Se:
524.1340; found: 524.1342.

Dipeptide 91: To a solution of 90 (1.23 g, 2.35 mmol) in dry CH,Cl,
(6.0 mL) at 0°C under Ar atmosphere was slowly added TFA (6.0 mL).
The reaction mixture was stirred at room temperature for 2 h and evapo-
rated to afford the crude amine-TFA. To a solution of this crude amine-T-
FA in dry CH,Cl, (12mL) at 0°C under an Ar atmosphere were added
iPr,NEt (1.00 mL, 5.74 mmol), 89 (895 mg, 2.60 mmol), HOAt (354 mg,
2.60 mmol), and CIP (724 mg, 2.60 mmol). After stirring at room temper-
ature for 2 h, the reaction mixture was quenched with H,O (10 mL) and
saturated aqueous NaHCO; (2 mL). The mixture was extracted with
CHCI; (15 mL x3). The combined extracts were dried over Na,SO,, fil-
tered through celite, and evaporated. The residue was chromatographed
on silica gel (20% AcOEt/hexane) to afford 91 (1.66 g, 94 %) as a color-
less foam: R;=0.59 (40% AcOEt/hexane); m.p. 120°C (not recrystal-
lized); [a3} 0.00 (c 1.00, CHCl,); IR (CHCL): #=3620, 3420, 2975, 1765,
1710, 1680, 1580, 1475, 1420, 1370, 875 cm™'; '"H NMR (CDCLy): 6 =7.79-
7.15 (m, 18H, Fm and PhSe x2), 6.95 (brd, /=7.0 Hz, 1H, CONH), 5.05
(brs, 1H, NHBoc), 4.82 (ddd, J=4.6, 4.6, 7.0 Hz, 1H, PhSeAla H-a),
4.34-4.16 (m, 1H, PhSeAla H-a), 4.27 (dd, J=6.6, 10.0 Hz, 1H, Fm
CH,), 4.10 (dd, J=6.6, 10.0 Hz, 1H, Fm CH,), 4.02 (dd, J=6.6, 6.6 Hz,
1H, Fm H-9), 3.31 (dd, /=4.6, 12.4 Hz, 1H, PhSeAla H-f), 3.24-3.04 (m,
3H, PhSeAla H-Bx3), 1.43 ppm (s, 9H, Boc); *C NMR (CDCly): 6=
169.96, 169.66, 155.05, 143.26, 143.13, 141.24, 141.15, 133.70, 133.04,
129.15, 128.78, 127.86, 127.60, 127.37, 127.16, 127.12, 124.93, 124.85,
120.00, 80.39, 67.28, 54.18, 52.46, 46.40, 29.69, 29.56, 28.23 ppm; HRMS
(FAB): m/z [M4+H]* caled for Cy;H;N,05*Se,: 751.1189; found:
751.1174.

Segment D (7): Compound 91 (480 mg, 6.41x10~" mmol) in 3m HCV/
AcOEt (2.9 mL) was stirred at room temperature for 2 h and the solvent
was evaporated. The residue was dissolved in AcOEt (2mL) and this
was basified with aqueous NaHCO;, and the mixture was extracted with
AcOEt (3mLx3). The combined extracts were dried over Na,SO,, fil-
tered through celite, and evaporated to afford 7 (416 mg, quantitative
yield), which was used for the next step without purification.

Dipeptide 92: To a solution of 89 (1.05g, 3.05mmol) in dry THF
(30 mL) at —15°C under Ar atmosphere were added NEt; (0.447 mL,
3.21 mmol) and CICO,Et (0.306 mL, 3.20 mmol). After stirring at —15°C
for 10 min, 28 % aqueous NH; (6.2 mL, 90 mmol) was slowly added. The
reaction mixture was stirred for 30 min at —15°C and then at room tem-
perature for 2 h. The reaction mixture was evaporated and H,O (20 mL)
was added. The mixture was extracted with AcOEt (30 mL x 3). The com-
bined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50%
AcOEt/hexane) to afford the amide (826 mg, 79%) as a colorless syrup:
R;=0.18 (50% AcOEt/hexane); 'H NMR (CDCl,): 0 =7.59-7.53 (m, 2H,
PhSe), 7.32-7.22 (m, 3H, PhSe), 6.40 (brs, 1H, CONH,), 5.98 (brs, 1H,
CONH,), 5.39 (brd, J=6.8 Hz, 1 H, BocNH), 4.37 (m, 1H, H-a), 3.25 (m,
2H, H-fx2), 1.42 ppm (s, 9H, Boc). To a solution of this amide (75.3 mg,
2.08x 10" mmol) in dry CH,Cl, (2.0 mL) at 0°C under Ar atmosphere
was slowly added TFA (0.5mL). The reaction mixture was stirred at
room temperature for 1 h and evaporated to afford the crude amine-TFA
(102 mg). To a solution of this crude amine-TFA in dry DMF (2.2 mL) at
0°C under Ar atmosphere were added iPr,NEt (0.151 mL, 8.67x
107" mmol), 89 (82.3mg, 2.40x107' mmol), HOAt (32.5mg, 2.39x
107" mmol), and CIP (66.6 mg, 2.39x 10~" mmol). After stirring at room
temperature for 5h, the reaction mixture was quenched with H,O
(4 mL). The mixture was extracted with AcOEt (5 mLx3). The com-
bined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residual solid was recrystallized from acetone/hexane to
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afford 92 (115 mg, 92%) as colorless crystals: R;=0.78 (10% MeOH/
CHCL,); m.p. 167-168°C; [a)3 —72.9 (¢ 1.02, CHCL,); IR (KBr): 7=3320,
3195, 2980, 1690, 1655, 1625, 1525, 1480, 1385, 1165, 735, 690, 670 cm™;
"H NMR (CDCl,): 6=7.59-7.43 (m, 4H, PhSe), 7.33-7.21 (m, 6H, PhSe),
6.93 (brd, J=8.4 Hz, 1H, CONH), 6.72 (brs, |H, CONH,), 5.44 (brs,
1H, CONH,), 5.05ppm (brd, J=54Hz, 1H, NHBoc); “CNMR
(CDCly): d=172.04, 170.22, 155.80, 133.31, 133.07, 129.43, 129.28, 127.91,
127.63, 81.21, 54.79, 52.74, 29.10, 28.74, 28.25 ppm; HRMS (ESI): m/z
[M+Na]* caled for C;3H,N;NaO,*Se,: 594.0386; found: 594.0388.

Segment E (4) : To a solution of 92 (47.1 mg, 8.27x 102 mmol) in dry
CH,Cl, (0.67 mL) at 0°C under Ar atmosphere was slowly added TFA
(0.67 mL). The reaction mixture was stirred at room temperature for 2 h
and evaporated. The residue was dissolved in AcOEt (5mL) and this
was basified with aqueous NaHCO;, and the mixture was extracted with
AcOEt (5mLx3). The combined extracts were dried over Na,SO,, fil-
tered through celite, and evaporated to afford 4 (36.1 mg, 93 %) as color-
less solids, which was used for the next step without purification.
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A Heterogeneous-Catalyst-Based, Microwave-Assisted Protocol for the
Synthesis of 2,2’ -Bipyridines

Lucas R. Moore and David A. Vicic*®!

Abstract: A new method of preparing 2,2'-bipyridines with short reaction times by
using microwave assistance and heterogeneous catalysts has been developed. With

a Negishi-like protocol, it was found that Ni/Al,0;-SiO, afforded 2,2'-bipyridine
products in up to 86 % yield in 1 h. Palladium supported on alumina also provided
yields of 2,2'-bipyridines comparable to those seen for homogeneous PEPPS

Keywords: C-C coupling - hetero-
geneous catalysis - microwaves -

™ nickel - palladium

(1,3-diisopropylimidazol-2-ylidene)(3-chloropyridyl)palladium(IT)dichloride)  and

tetrakis(triphenylphosphanyl)palladium complexes.

Introduction

Carbon—carbon and carbon-heteroatom coupling reactions
have been shown to be incredibly useful synthetic tools for a
variety of synthetic applications, such as the synthesis of nat-
ural products and pharmaceuticals."? The success of a cou-
pling reaction is limited to the activity of the catalyst for a
particular transformation, which in most cases is directly
correlated to the ligands coordinated to the metal. The syn-
thesis of new heterocycles, such as those containing pyridine
rings, is especially important for the pharmaceutical indus-
try. Whereas C,yiq—Ciry cross-couplings are well-known
with palladium, certain aspects of bipyridyl synthesis have
always been problematic. Scheme 1 describes the general
cross-coupling methods used to prepare different isomers of
the bipyridyl family. Methods of preparing bipyridyls 2 and
3 are well-known,* ! but strikingly absent are reliable ways
of preparing unsymmetrically substituted 2,2'-bipyridyls 4
that are broad in scope. This is presumably due to the fact
that bipyridyls are effective transition-metal binding agents,
so any homogeneous metal-catalyzed reaction to produce
them would suffer from marked product-inhibition effects.
Thus, a high-yielding method of constructing the bipyridyl
framework would not only be important for drug-discovery
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Department of Chemistry
University of Hawaii
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Honolulu, HI 96822 (USA)
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most difficult
to cross-couple, especially
for substituted derivatives

Scheme 1. Scope of cross-coupling of 2-halopyridines with pyridyl nucleo-
philes, which is highly dependent on substitution pattern.

endeavors, but would also significantly affect the field of in-
organic chemistry, in which polypyridyl ligands are used
quite frequently.”

Current protocols for the preparation of 2,2'-bipyridines
involve lithiation—addition,"®  radical-anion coupling,!
Stille,"*" Suzuki,'? Kumada,'** and Negishi™*' reac-
tions. All these methods have limitations,” and most
employ homocoupling®?" methodologies. Some cross-cou-
plings have been reported, but all involve extremely extend-
ed reaction times.'>'*?! Heller and co-workers reported
yields of 2,2-bipyridines of 56-87% when Stille coupling
was used, but these results involve heating under reflux in
toluene for 48 h.”® Fang and Hanan reported yields of 68—
98 % when a Negishi protocol was used, with reaction times
of 18-40h and temperatures ranging from room tempera-
ture to 60°C.""! Herein we report a convenient protocol for
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the preparation of 2,2’-bipyridines by using heterogeneous
palladium and nickel catalysts with the assistance of micro-
wave irradiation. The major advantages of these conditions
are ease of product separation and extremely fast reaction
times relative to previously reported procedures.

Results and Discussion

Attempts were made to synthesize 2,2'-bipyridine under
thermal conditions with the use of heterogeneous palladium
and nickel catalysts suspended in THF. When either nickel
or palladium supported on carbon, silica, and alumina was
applied, no activity was observed for the coupling of iodo-,
bromo-, or chloropyridines with either pyridylzinc bromide
or pyridinium-N-oxide,” even at temperatures of reflux
(90°C) for 23 h with 5mol % catalyst loading (Table 1, en-
tries 7-12, 19-24, and 31-36). However, when the amount of
nickel was increased to 50 mol% supported on silica or an
alumina-silica mixture (Table 1, entries 1-3, 13-15, and 25—
27), some conversion to the desired 2,2'-bipyridines was ob-
served, which indicates that optimization of these initial
nickel reactions may provide more respectable yields (see
below). Increasing the amount of palladium to 50 mol %
gave no increase in product formation for the thermal reac-
tions (Table 1, entries 4-6, 1618, and 28-30). Interestingly,
crystallization of (bpy)ZnBr, (bpy=2,2"-bipyridyl) from
THF (as determined by X-ray crystallography) was observed
at the conclusion of every successful reaction, which could
provide a crude way of rapidly determining which set of
conditions are promising. Because of the ability of bipyri-
dines to bind avidly to transition metals, all crude product
mixtures for this study were treated with ammonium hy-
droxide to release free bipyridines before chromatography.

Given that some conversion into 2,2"-bipyridine products
was observed with 50 mol % nickel loading in the thermal
reactions, we explored the possibility of using microwaves to
increase yields further. The results are summarized in
Table 2. The yield of 2,2'-bipyridines rose to the 80 % range;
the most practical conditions involved Ni/Al,05-SiO, as the
catalyst with no phosphine required (Table 2, entry 1¢). One
hour was chosen as the time limit for irradiation because we
saw significantly less conversion at 20min. PPh; had little
effect on the yield of this reaction (Table 2, entry 1a); how-
ever, the addition of the more electron-rich phosphine P-
(fBu); actually lowered the observed yields (Table2,
entry 1b). The pyridyl zinc nucleophile and the nickel cata-
lyst are needed for the reaction to proceed, as control reac-
tions performed in the absence of these reagents resulted in
no product formation (Table2, entries2 and 3). A huge
steric effect was seen with these reactions, however, as
placement of a methyl group in either the 6- or the 3-posi-
tion of the pyridyl bromide shut down catalysis entirely and
produced no homocoupled product (Table 2, entries 4 and
5).

We also wondered whether the microwave conditions
could help the palladium-catalyzed heterogeneous reactions,

Chem. Asian J. 2008, 3, 10461049
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Table 1. Thermal synthesis of bipyridines by heterogeneously catalyzed
Negishi coupling.””!
catalyst

X o+ GZnBr -
Q \ N/ THF, undecane \ l\f }\I /
90°C, 23 h

Pyr-X Entry Catalyst Catalyst Ligand Yield
[mol %] [%]

1 Ni/ALOs-Si0, 50 - 39

\* P 2 Ni/C 50 - 0

N 3 Ni/SiO, 50 - 41

4 Pd/ALLO; 50 - 0

5 Pd/C 50 - 0

6 Pd/SiO, 50 - 0

7 Pd/ALO; 5 PPh, 0

8 Pd/C 5 PPh, 0

9 Pd/SiO, 5 PPh, 0

10 Pd/ALO;" 5 PPh, 0

11 pd/cl! 5 PPh, 0

12 Pd/SiO," 5 PPh, 0

13 NI/ALO4-SiO, 50 - 38

\_ e 14 Ni/C 50 - 0

N 15 Ni/SiO, 50 - 21

16 Pd/ALO; 50 - 0

17 Pd/C 50 - 0

18 Pd/SiO, 50 - 0

19 Pd/ALO; 5 PPh, 0

20 Pd/C 5 PPh, 0

21 Pd/SiO, 5 PPh, 0

2 Pd/ALO;" 5 PPh, 0

23 Pd/Cl 5 PPh, 0

24 Pd/SiO," 5 PPh, 0

25 Ni/ALO;-Si0, 50 - 41

\_ )—cl 26 Ni/C 50 - 0

N 27 Ni/SiO, 50 - 39

28 Pd/ALO; 50 - 0

29 Pd/C 50 - 0

30 Pd/SiO, 50 - 0

31 Pd/ALO; 5 PPh, 0

32 Pd/C 5 PPh, 0

33 Pd/SiO, 5 PPh, 0

34 Pd/ALO," 5 PPh, 0

35 Pd/Cl 5 PPh, 0

36 Pd/SiO," 5 PPh;, 0

[a] Amount of 2-halopyridine used was 0.67 mmol. A 1:1 metal/phos-
phine ratio was used. [b] Nucleophile was pyridyl N-oxide instead of 2-
pyridylzinc bromide.

and the results of this study are summarized in Table 3.
Yields comparable to those found with the nickel-supported
thermal reactions were obtained at 250 W (Table 3, entries 4
and 6), and a catalyst loading of only 5 mol % was required.
These yields were increased to 66-72 % with an increase in
wattage to 300 W (Table 3, entries 1a and 3). This wattage
was maintained throughout the course of the reaction. The
Pd/AlL,Os-catalyzed coupling of 2-bromopyridine under mi-
crowave conditions gave a yield comparable to that found
with homogeneous [Pd(PPh;),] (Table3, entrylg) and
greater than that found for PEPPSI™-catalyzed coupling
(Table 3, entry 1h) under the same conditions. Applications
of more-polar solvents proved to be unsuccessful with yields
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Table 2. Microwave-assisted synthesis of 2,2'-bipyridines with Ni-support-
ed catalysts.
catalyst (50 mol%)

L. R. Moore and D. A. Vicic

Table 3. Microwave-assisted synthesis of bipyridines with Pd and Fe cata-
lysts.!!
catalyst (5 mol%) — —

pyridyl  +  (ouridyl)ZnBr 2.2-bipyridyl @X * @M
; / \
bromide microwave, 300 W product \ N \ N THF, undecane \ N N /
THF, 1h microwaves, 1 h
Entry Electrophile Nucleophile Catalyst Yield Phosphine Entry Electrophile Nucleophile Catalyst Yield Conditions
[%] [%]
1a \ |\f Br QZnBr Ni/ALO;-SiO, 86 PPh, la QBf QZ"Bf Pd/ALO; 66 300 W
1b Ni/ALOs-SiO, 39 P(Bu), 1b Pd/ALO;, 280 300 W
1c Ni/ALO;-SiO, 84 None 1c Pd/AlLO, 4 300 W
1d Ni/C 34 PPh, 1d Pd/ALO; 28 275 W, ZnBr,
le Ni/SiO, 82 PPh; le Pd/C 7 300 W
- Br ) ) 1f Pd/SiO, 32 300 W
2 \_/ none Ni/ALO,-Si0, 0 - 1g (Pd(PPhy),] 62 300 W
— — 1h PEPPSI™ 45 300 W
3 /—Br @ZnBr 0 _ = =
\ \ flone 2 O e paALo 0 30w
4 I \_ Z0Br - Ni/ALOy-Si0, 0 - 3 \_/ ' \ 7 ZnBr  Py/ALO, T2 300W
= B B )z
5 Gsr QZan Ni/ALOs-SiO, 0 . 4 \_(/ oA Y nBr Pd/ALO; 40 250 W, PPh,
N — —
/—ClI 4, —ZnBr .
[a] Amount of 2-halopyridine used was 0.67 mmol. A 1:1 metal/phos- 3 \ N \ N PA/ALO; 3 250 W, PPh,
phine ratio was used. — —

6 \ h{ I \ '\1 ZnBr  pd/ALO; 30 250 W, PPh,
dropping to 28 % for dioxane (Table 3, entry 1b) and 4% 7 \ /2B /SnBus PYALO, 0 300 W,PPh,
for DMF (Table 3, entry 1c). Even at 300 W, Stille and N N
Kumada coupling of 2-bromopyridine with 2-pyridyltributyl- 8 \ /7B /Mg  pg/aALO, 0 300 W
tin or 2-pyridylmagnesium bromide were unsuccessful N N
(Table 3, entries 7 and 8) when a palladium catalyst was ap- 9 \ '\1 B A ! MgBr  FeClL/SiO; 2  300W

plied. Iron is known to be an effective catalyst for Kumada-
like cross-couplings,**!l but a heterogeneous iron-supported
catalyst only afforded 2 % yield (Table 3, entry 9).

Finally, we tested the ability of supported palladium to
prepare  unsymmetrically  substituted  2,2’-bipyridines
(Table 4). Some homocoupling of both the electrophile and
nucleophile was observed, but the major product in all cases
was that resulting from cross-coupling. The desired product
was obtained in 33 % yield with the methyl group located in
the 6-position (Table 4, entry 1).

Yields approaching those of a nonsubstituted electrophile
were obtained when the methyl group was in the 3-position,
and similar yields were also obtained when the methyl
group was placed in the 5-position (Table 4, entries 2 and 3).
Although no homocoupling was observed during the reac-
tion of 2-bromo-4-methyl-pyridine, a 36% yield was ob-
tained for the desired product (Table 4, entry 4).

Conclusions

A convenient new protocol employing heterogeneous cata-
lysts and microwave irradiation to prepare 2,2’-bipyridines
has been discovered. The major benefits of this reaction are
ease of product purification and particularly short reaction
times. Heterogeneous Pd/Al,O; has proven to be as effective
in the Negishi coupling of 2-bromopyridines with pyridylzinc

1048 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Amount of 2-halopyridine used was 0.67 mmol. A 1:1 metal/phospine
ratio was used. [b] Dioxane as solvent. [c] DMF as solvent. DMF = N,N-
dimethylformamide.

bromide to two commonly used homogeneous catalysts:
[Pd(PPh;),] and PEPPSI™. Ni/AL,O;-SiO, provided the
best yields of bipyridine product, but at much higher catalyst
loadings.

Experimental Section

All reagents were mixed in a glovebox under an atmosphere of nitrogen
prior to irradiation. THF was distilled over sodium and benzophenone
followed and then stored in the glovebox. Both pyridylzinc and magnesi-
um bromide were purchased from Rieke Metals and were used without
further purification. PEPPSI™ was purchased from Sigma Aldrich,
nickel supported on carbon (graphite) was purchased from Alfa Aesar,
and all other catalysts were purchased from Strem Chemicals. All the cat-
alysts were used without further purification. Microwave reactions were
carried out while a temperature of 90 °C was maintained by using a CEM
Discover System with an Explorer autosampler attachment. Undecane
was applied as the internal standard.

Representative example of the microwave-assisted reactions with
Smol% catalyst: While in the glovebox, the desired 2-halopyridine
(0.67mmol), metal catalyst (0.0335mmol), pyridylzinc bromide (0.5M in
THE, 1.36mL, 0.68 mmol), distilled THF (4mL), and undecane (0.05mL,
0.24 mmol) were added to a 10-mL CEM crimp-top vial equipped with a
stirrer bar. The reaction vial was placed in a CEM Discover microwave

Chem. Asian J. 2008, 3, 10461049





Synthesis of 2,2'-Bipyridines

Table 4. Microwave-assisted synthesis of unsymmetrical bipyridines."”!

O Pd/Al,O5 (5 mol%)
Br + /) —ZnBr
\ N 300 W, 1 h, THF,

2,2"-bipyridines

</
Me/\\—N
A = 6-Me undecane
B = 3-Me
C =5-Me
D =4-Me
Entry Electro- Homocoupling product Cross-coupling
phile product
Nucleophile Electrophile
Vam VAR VA
1 A \ N / \ N / \ NN /
9% 3% 33%
2 B \_/ \_7 Y, \ /N
% 2% 53%
3 C N 7N N\ 7Ny A,
20% 7% 49%
74 o o N
4 D N / N\ L\
0%
0% 36%

[a] Amount of 2-halopyridine used was 0.67 mmol.

reactor with the following specifications: power =300 W, time =60 min.
The crude reaction mixtures were allowed to stir with ammonium hy-
droxide (30 wt%, 2mL) for 30min to remove any bipyridines that may
be coordinated to Zn. A sample of the crude mixture was then removed
and filtered through a silica plug followed by rinsing with diethyl ether.
The yields of the reactions were calculated by GC on a Shimadzu GC-
17A chromatograph (with undecane as the internal standard).

Representative example of the thermal reactions with 5 mol% catalyst:
All reagent concentrations were kept the same as in the previously men-
tioned microwave procedure; however, 25-mL reaction vials were used
along with a Radleys 12 Reaction Station carousel that allowed heating
under reflux (90°C) in nitrogen. The reactions were heated under reflux
for 24h, after which they were cooled to room temperature. The workup
procedure described above was then followed.
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Synthesis and Structure of Monomeric, Trimeric, and Mixed

Phenylcyanamides

Harald Brand,'! Peter Mayer,'! Axel Schulz,*'*"! Thomas Soller,'! and

Abstract: In a new synthetic approach
phenylcyanamide (Hpca) was synthe-
sized by methylation of phenylthiourea
followed by a basic work-up. All prod-
ucts along the synthetic route have
been fully characterized by means of
NMR, IR, and X-ray studies. The first
structural report of neutral mixed crys-
tals of phenylcyanamide containing
monomeric and trimeric Hpca is pre-
sented. Examination of these intriguing
mixed crystals revealed the formation
of distinct layers of monomeric and tri-
meric Hpca. These layers are intercon-
nected by weak hydrogen bonds. The

Introduction

As early as 1854, Cahours and Cloéz reported on cyanani-
lide, nowadays better known as phenylcyanamide (Hpca).'!
Phenylcyanamide derivatives can be readily prepared in
high yields from the corresponding anilines.” In a typical

Alexander Villinger'!

trimer represents triphenylisomela-
mine, which readily isomerizes to the
triphenylmelamine in the melt, in
accord with computations at the
B3LYP level, indicating an exothermic
process (AH=-49.4 kcalmol™). Pure
trimeric Hpca (triphenylisomelamine)
was obtained either by recrystallization
of the mixed crystals from boiling

Keywords: cyanamides cyclotri-
merization isomerization
nitrogen heterocycles - structure
elucidation

water or by trimerization of monomer-
ic Hpca in isopropanol for 12 h under
reflux conditions. For comparison tri-
tylcyanamide (Htca) and potassium
phenylcyanamide as an [18]crown-6
complex [K([18]crown-6)pca] have
been synthesized, and the solid-state
structures were determined using X-ray
diffraction techniques. The thermal be-
havior was studied by thermo-analyti-
cal experiments. In agreement with the
experimental results, computations pre-
dict an exothermic cyclotrimerization
process for Hpca (AH=-41.3 kcal
mol™}).

lead(IT) acetate to form the phenylcyanamide derivative.™
Other researchers have synthesized phenylcyanamides by

synthesis an aniline is treated with ammonium thiocyanate
to form the thiourea,’! which is then desulfurized using
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the reaction of phenylisocyanide dihalides with ammonia,®
or by the reaction of anilines with cyanogen bromide.
Scheme 1 summarizes these three common synthetic routes
to phenylcyanamide derivatives.

[6]

Hpca

IO
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Scheme 1. Synthetic routes to phenylcyanamide.
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Phenylcyanamides can be recrystallized in high yields
from boiling acetone/water solutions. The usual procedure is
to dissolve phenylcyanamides in boiling acetone and to add
water until the solution just becomes cloudy while maintain-
ing the temperature. Crystals of the product are formed
from the cooling solution. Methanol and ethanol have been
used in place of acetone with good results in some instan-
ces.l”! This procedure works well for substituted phenylcya-
namides, while the parent phenylcyanamide tends to oligo-
merize under these conditions.

Cyano compounds are frequently used as starting material
for the synthesis of dyes, heterocycles, organic superconduc-
tors, functional materials, etc.’® One reason for this wide
spectrum of applications is the tendency of cyano com-
pounds to oligomerize.””) For instance the oligomerization of
cyanogen derivatives, particularly to trimers containing the
2,4,6-triazine ring system, is well known and has been stud-
ied intensively. While cyanamide H,CN, is condensed easily
to cyanoguanidine under a variety of conditions, the action
of heat on cyanamide under pressure results in the forma-
tion of the trimer, melamine C;N3;(NH,);. Monomeric phe-
nylcyanamide (m.p. 38-39°C)!'”! polymerizes slowly in any
solvent and in the melt.

Although phenylcyanamide has been known for more
than one century, detailed information about its crystal
structure, the crystal structure of its trimer, and the isomeri-
zation process has not been available except from theoreti-
cally obtained data.''! While metal complexes with the am-
bidentate phenylcyanamide anion have been discussed thor-

Abstract in German: Eine neue Synthese fiir Phenylcyana-
mid (Hpca) wird vorgestellt. Hpca wurde durch Methylier-
ung von Phenylthioharnstoff und anschlieBender basischer
Aufarbeitung in grolen Ausbeuten dargestellt. Alle Zwi-
schenstufen wurden vollstindig charakterisiert. Die erste
Kristallstruktur eines gemischten Cyanamides, welches
sowohl die monomere Spezies als auch das Trimere in
einem Kiristall aufweist, wird diskutiert. Diese Untersuchun-
gen zeigen das Vorliegen von ausgepridgten Monomeren-
bzw. Trimeren-Schichten, die durch schwache H-Briicken
miteinander verkniipft sind. In Einklang mit B3LYP-Rech-
nungen konnte gezeigt werden, dass das trimere Triphenyli-
somelamin in der Schmelze leicht zum Triphenylmelamin
exotherm isomerisiert (AH=—49.4 kcalmol™'). Reines tri-
meres Hpca (Triphenylisomelamin) erhdlt man durch Um-
kristallisation der Mischkristalle aus siedendem Wasser oder
durch Trimerisierung von monomerem Hpca in Isopropanol.
Fiir Vergleichszwecke wurden ebenfalls Tritylcyanamid
(Htca) und Kaliumphenylcyanamid als [18]Krone-6 Kom-
plex [K([18]Krone-6)pca] synthetisiert und kristallisiert. Das
thermische Verhalten der Isomerisierung und Trimerisierung
wurde in DSC-Experimenten untersucht. Im Einklang mit
den experimentellen Ergebnissen wurde quantenmechanisch
eine exotherme Cyclotrimerisierung fiir Hpca (AH=
—41.3 kcalmol ') gefunden.
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oughly,” no structural data of the neutral phenylcyanamide
(Hpca) either as a neutral ligand in complexes or without a
metal as a monomer or trimer have been published to the
best of our knowledge.

Herein we report on a new phenylcyanamide synthesis
starting from phenylthiourea that avoids desulfurization
using lead(Il) acetate. Moreover, the crystal structures of
monomeric (neutral and ionic) and trimeric phenylcyana-
mide as well as the structure of an intriguing mixture (mo-
nomer and trimer in one crystal) of phenylcyanamide are
discussed for the first time.

Results and Discussion
Synthesis

The most frequently used methods to generate phenylcyana-
mide are 1) the reaction of aniline and BrCN and 2) the de-
sulfurization of phenylthiourea using lead(II) acetate. Only
recently Wong et al. described a one-pot transformation of
phenylisocyanate to phenylcyanamide by use of sodium bis-
(trimethylsilyl)amide as a deoxygenating agent.'"” To avoid
the use of larger amounts of hazardous lead(II) salts or very
toxic BrCN, a new approach starting with the methylation of
phenylthiourea™ followed by a basic work-up has been in-
troduced by us (Scheme 2). Methylation leads to crystalline

) -

| ‘T’
C Mel/MeOH @ C

—_—

N
|
H
NHy(a. >l

C T
C
N C=N

iPrOH/H,0 H,

—

l2M HCI

@n_ _

Hpca

Scheme 2. New synthesis of phenylcyanamide via methylation of phenyl-
thiourea.

N-phenyl-S-methylisothiouronium iodide (Figure 1), and
subsequent addition of aqueous ammonia gives the free S-
methylated isothiourea species, N-phenyl-S-methylisothiour-
eal™ (Figure 2). Now the whole series of alkali phenylcyana-
mides (Mpca) can be isolated in high yields by treatment of
N-phenyl-S-methylisothiourea with an appropriate base, for
example, MOH (M =alkali metal) in isopropanol, as illus-
trated in Scheme 2. Differential scanning calorimetry (DSC)
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Figure 1. ORTEP drawing of the molecular structure of N-phenyl-S-
methylisothiouronium iodide. Thermal ellipsoids with 50 % probability at
173 K. Selected bond lengths [A] and angles [°]: C3—S 1.800(6), C1—S
1.739(5), C1-N1 1.307(7), C1-N2 1.329(7), N2—C2 1.437(6); C1-S1—-C3
102.6(3), C1-N2—C2 127.8(5), N1—C1-N2 119.0(5), N1-C1-S 122.3(4),
N2—C1-S 118.6(4).

Figure 2. ORTEP drawing of the molecular structure of N-phenyl-S-
methylisothiourea. Thermal ellipsoids with 50 % probability at 200 K. Se-
lected bond lengths [A] and angles [°]: C3—S 1.789(2), C1-S 1.775(2),
C1—-N1 1.348(2), C1-N2 1.288(2), N2—C2 1.426(2); C1-S—C3 102.5(1),
C1-N2—C2 118.2(2), N2—C1—-N1 127.5(2), N2—C1-S 121.5(1), N1-C1-S
111.1(1).

Figure 3. ORTEP drawing of the molecular structure of monomeric
(links) and trimeric (right) Hpca (triphenylisomelamine) units in the
mixed crystal. Thermal ellipsoids with 50 % probability at 200 K (phenyl
hydrogen atoms in the trimer omitted for clarity).

investigations showed that both sodium and potassium phe-
nylcyanamide decompose above 300°C (Na: 338°C; K:
345°C) without trimerization. However the cesium salt
melts at 209°C, but again no trimerization occurs, even
upon further heating.

Protonation of Mpca with aqueous HCI yields the labile
parent molecule phenylcyanamide (Hpca). This reaction
should be carried out at temperatures not greater than
25°C, and the final precipitation of the cyanamide should be
performed as quickly as possible. Hpca is very labile with re-
spect to cyclotrimerization and, hence, we did not succeed

1052 www.chemasianj.org
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in isolating pure Hpca. The isolated Hpca was always conta-
minated with traces of oligomers. The amount of trimeric
impurities clearly depends on the reaction time of the proto-
nation reaction with HCL. As soon as Hpca is dissolved in
organic solvents, trimerization can be observed even at am-
bient temperatures. According to a Beilstein search the pub-
lished melting points of Hpca lie in the range 38-50°C.[1%1¢!
However, already in 1908 Baum reported on the instability
of Hpca with respect to trimerization even at ambient tem-
peratures or upon removal of solvent.'”) In agreement with
Baum, we were not able to find a distinct melting point for
Hpca by means of DSC.

Cyclotrimerization/Isomerization

In 1885, Hofmann obtained ethylcyanamide from the reac-
tion of HgO (PbO) with ethylthiourea, and reported that
the ethylcyanamide thus obtained trimerizes readily to trie-
thylisomelamine.“gl Also, trimerization and isomerization of
Hpca have been studied intensively."®?! Korshak et al. re-
ported that, depending on the cyclotrimerization conditions,
two isomeric forms of trimeric Hpca can be obtained
(Scheme 3): Cyclization at 80-100°C in the presence of a

U

triphenylisomelamine)\ /K
HN N NH

X

H
3 N—C=N

Hpca

%

@xlw

triphenylmelamine

I
Z

Scheme 3. Trimerization and isomerization of Hpca.

Lewis base such as Et;N gave triphenylisomelamine (83 %),
while addition of a Lewis acid (SnCl,) yielded triphenylmel-
amine (76%). Moreover, trimerization in pure alcohols
seems to slow down the conversion.

Chem. Asian J. 2008, 3, 1050 -1058
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Similar to Hofmann's procedure,"! we carried out the tri-
merization of Hpca and allowed it to stand at ambient tem-
perature in isopropanol. After seven days colorless crystals
(m.p. 169°C) were obtained. Surprisingly, the melting point
of 169°C did not agree with that of triphenylisomelamine
(214-215°C; compare monomeric Hpca: 38-39°C).”"! X-ray
studies revealed the formation of intriguing mixed crystals
of monomeric and trimeric Hpca with a monomer/trimer
ratio of 2:1 (Figures 4 and 5). This ratio was confirmed by

trimer

monomer trimer

{}’-.W A\
ot 0]

o~ !{'} '\l',\"é-ﬂ‘v’\-".{} :

o

3 ®
trimer monomer ! 1

Q

Figure 4. Cell of mixed crystals of Hpca (view along the ¢ axis).

W

Figure 5. Hydrogen bonds between monomeric and trimeric Hpca (view
along the c axis). Selected separations [A] and angles [°]: N1--N2 2.817,
N1-H 0.890; N1-H—N2 173.1.

'HNMR spectroscopy (Experimental Section). Obviously,
monomeric Hpca is stabilized by cocrystallization with tri-
meric Hpca (triphenylisomelamine, Scheme 3). Thus, cocrys-
tallization prevents Hpca from further trimerization (see X-
ray Crystal Structures section).

To separate monomeric from trimeric Hpca, mixed crys-
tals of Hpca were dissolved in boiling water. After stirring
for 5 min at this temperature trimeric Hpca goes into solu-
tion while monomeric Hpca remains undissolved. After fil-
tration and cooling to 0°C, pure trimeric Hpca (triphenyliso-
melamine) crystallizes from the aqueous solution (m.p.
212°C). Another route to separate the monomeric from the
trimeric species is the treatment of mixed crystals of Hpca
with diluted HCI and subsequent basic work-up with aque-
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ous ammonia. Basic triphenylisomelamine dissolves in dilut-
ed HCl, while monomeric Hpca precipitates. Addition of
aqueous ammonia leads to precipitation of pure trimeric
Hpca.

The fact that monomeric and trimeric Hpca (two isomers:
triphenylisomelamine and triphenylmelamine, Scheme 3)
possess the same chemical composition (C71.17%,
H5.12%, N 23.71 %) has led to some confusion in the liter-
ature. Mistakenly, triphenylisomelamine has often been de-
scribed as triphenylmelamine.”!! However, the formation of
mixed crystals of Hpca with a melting point of 169°C has
not been observed so far. Interestingly, already in 1885 Hof-
mann reported on a “triphenylisomelamine” with a melting
point of 185°C which slowly crystallizes from a repeatedly
heated solution of Hpca in ethanol,'*® while Arndt doubted
these results in 1911 and claimed that Hofmann’s trimeric
species is a 2:1 adduct of “triphenylmelamine” and phenyl-
cyanamide.” Ever since, there has been no investigation of
this cocrystallization problem.

Computations at the B3LYP/6-31G(d,p) level for the gas-
phase reaction display an exothermic cyclotrimerization pro-
cess with an energy gain of —41.3 kcalmol™ (3Hpca—iso-
(Hpca);). Moreover, these computations also reveal that tri-
phenylmelamine is energetically favored by 49.4 kcalmol !
over the iso form. Indeed, triphenylisomelamine is readily
converted into triphenylmelamine (2,4,6-triphenylamino-
1,3,5-triazine) at temperatures above its melting point. In so-
lution the isomerization of triphenylisomelamine to triphe-
nylmelamine proceeds under milder conditions as if the re-
action was run in bulk."” Our DSC study confirms the iso-
merization of triphenylisomelamine to triphenylmelamine in
the melt. The isomerization represents an exothermic pro-
cess which starts immediately when the melting point
(212°C, compared with m.p. 232-234°C for triphenylmela-
mine®') of triphenylisomelamine is reached (Figure S3 in
the Supporting Information).

In triphenylisomelamine all three phenyl rings are perpen-
dicular relative to the cyanuric ring (Figure 3), and hence no
significant resonance can occur. Upon isomerization all
three phenyl rings shift to the adjacent exocyclic nitrogen
atom with an energy release of 49.4 kcalmol™! to form tri-
phenylmelamine. In triphenylmelamine resonance between
all three phenyl rings and the C;N; ring is possible
(Scheme 3; Figure S3 in the Supporting Information) since
the C;N; and the phenyl rings form a planar molecule (Cj,
symmetry).”® Thus, it can be assumed that increasing reso-
nance and decreasing steric strain are the driving forces for
the isomerization.

Interestingly, triphenylisomelamine can be distinguished
easily from triphenylmelamine by means of mass spectrome-
try. The most intense peak in the spectrum of triphenylmela-
mine is the molecular peak, while in the spectrum of triphe-
nylisomelamine the intensity of the molecular peak is only
4% (100% for the C;Hs™ fragment with m/z 77.1, only 10 %
in the spectrum of triphenylmelamine), indicating a facile
cleavage of C;H;* fragments in triphenylisomelamine.
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X-ray Crystal Structures

As far as we know there are no structural data available of
neutral phenylcyanamide species. Hence, we would like to
focus on the discussion of monomeric (Figures 3, 4, and 5)
and trimeric Hpca (Figures 3, 6, and 7) in comparison with
the structures of tritylcyanamide and K([18]crown-6)pca.
Since we were not able to obtain single crystals of pure
Hpca, we prepared and crystallized tritylcyanamide (Htca,
Figures 8, 9, and 10). Moreover, to get structural data of
ionic phenylcyanamide we prepared the [18]crown-6 com-
plex of Kpca (Figure 11). Crystallographic data of these spe-
cies are summarized in Table 1 (data for N-phenyl-S-methyl-
isothiouronium iodide and N-phenyl-S-methylisothiourea
can be found in the Supporting Information).

Mixed crystals of monomeric and trimeric Hpca crystal-
lize in the orthorhomic space group Pbcn with eight mono-
meric and four trimeric molecules (2:1 ratio) in the unit cell.
A perspective view of the monomer and trimer is depicted
in Figure 3, and selected structural data are listed in Table 2.
In agreement with our computations (Figure S4 in the Sup-
porting Information), the monomeric Hpca molecule adopts
a trans configuration (phenyl group in trans position to the
terminal N atom) with an almost trigonal-planar amide N
atom (Z(X (Nymice)) =359.8°), resulting in a local C; symme-
try for the entire planar moiety. As expected the N1-C1-N2
unit is almost linear with an angle of 178°, while the Cl1—
N2,.ia—C2 angle is close to 120° (122.2(3)°), indicating a for-
mally sp’-hybridized nitrogen atom. Three different types of

Table 1. Crystallographic data.

A. Schulz et al.

Table 2. Selected structural data of cyanamides (bond lengths in A,
angles in °).1

Monomeric  Trimeric Trimeric Htcal"!  K([18]crown-
Hpca Hpca Hpcal 6)pca
(mixed crys- (mixed crys-
tal) tal)(®!
NI-Cl  1.136(5) 1266(5)  1264(3) 1.144(3) 1.166(3)
1.280(4) 1.268(2)
CIN2  1331(5) 1.385(3) 13942) 1331(3) 1301(3)
1393(3)  1.398(2)
N2-C2  1.409(4) 1451(4)  1452(3) 1.495(2) 1390(3)
1452(5)  1452(2)
NI-Cl-  178.0(5) 11933)  1195(1) 179.13) 173.9(3)
N2 1226(2)  1224(1)
12503)  1260(2)
CI-N2- 1222(3) 1186(2)  1173(1) 12172) 1188(2)
o) 1166(2)  117.6(1)
N-C- - 11483)  1145(1) - -
None 115.7(3) 115.1(2)
CN- - 1243(3)  1245(1) - -
Coime 12483)  12490)

[a] There are four independent Htca molecules in the cell with very simi-
lar structural data; hence, only one set is listed. [b] Local symmetry of
C;N; is C, symmetry. [c] Calculated B3LYP values can be found in the
Supporting Information.

C—N bond lengths are observed: 1) a very short bond length
with 1.136(5) A (N1—C1) indicating a triple bond as expect-
ed for a cyano group, 2) a medium-sized bond length with
1.331(5) A (C1-N2) and 3) one longer C—N bond length
with d(N2—C2)=1.409(4) A (compare Zr.,: (C—N)=1.47,
(C=N)=1.22, ((=N)=1.11 A).?Y Obviously, the lone pair
(p-type atomic orbital) local-
ized at N2 is better delocalized
into the cyano group (according

- N N . . [a] - .
Monome.rlc/trlmerlc Tnmeilc Htca K([18]crown-6)pca to natural bond orbital analy-
Hpca (mixed crystal) Hpca! 5] s . .
o 1 N RRTRS ERTHS R(CHO)CHN sis™ interaction with the m*-
ormula 35013019 218118Ng 20M161N2 12H15406) L7115IN, . :
M, 590.69 354.41 28435 42054 (N1=C1)) than into the phenyl
Color colorless colorless colorless colorless ring, indicating partial double-
Crystal system orthorhombic monoclinic triclinic monoclinic bond character for the C1—-N2
Space group Pbcn (60) C2/c (15) P1(2) P2y/n (14) bond. The N2—C2 bond repre-
alA] 23.391(5) 15.674(3) 13.9368(4)  7.9349(3) sents a typical single bond with
b[A] 11.832(2) 14.061(3) 154251(5)  18.7805(9) 147125(6) 0 Ry 1 f
c[A] 11.317(2) 9.6597(19)  15.7995(5) 90 409(4) A. The structural fea-
al’] 90.00 90.00 89.092(2) 92.574(2) tures of the cyanamide group
B0 90.00 125.12(3) 74.857(2) 90 are comparable to those in di-
v [Q}’v 2(1)5()201 10 ?0;?104 6 g.lztog(;) 2190.3(2 cyanamide salts 9
;[ ] 4 (10) 47 4©) 8 792) 4 @ Upon cyclotrimerization the
oses [26m ] 1253 1352 1212 1275 structure and bonding parame-
u [mm™] 0.079 0.085 0.072 0.278 ters change significantly in
Astoxa [A] 0.71073 0.71073 0.71073 0.71073 Hpca. The main structural
T'[K] . 2002) 200(2) 200(2) 200(2) motif of the trimer is the well-
Reflections collected 22946 9794 49229 6814 Kk C.N . .
Independent reflections 2191 1993 14157 3486 nown  L3N; ~ cyanuric  Ting
Obsd reflections 2106 1599 6990 2378 system. The CN moiety (G;N;
R 0.036 0.049 0.094 0.041 ring and exocyclic imino groups
F(000) 1240 744 1200 896 including the hydrogen atoms)
R, 0.0923 0.0533 0.0628 00405 is almost planar with a devia-
wR,! 0.1569 0.1264 0.1426 0.1033 K p X
GooF 1.421 1.136 0.98 1.02 tion from planarity of less than
No. parameters/restraints 218 133 809 253 2°. However, the phenyl groups
CCDC number 656411 656412 656416 656413

[a] final R index [I>20(])]. [b] R indices (all data).
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adopt a propeller-like configu-
ration (dihedral angles about
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75°). Hence, the local symmetry of the trimeric species is de-
creased to C, symmetry. The exocyclic C—N bond lengths
with 1.266(5) and 1.280(4) A, respectively, are significantly
shorter than the C—N bond lengths within the C;N; ring
(1.38-1.39 A). The bond lengths and angles within the C5N;
ring are comparable to those of other cyanuric deriva-
tives.?’!

Since the crystal contains monomeric as well as trimeric
Hpca, the arrangement of both molecular species is of spe-
cial interest. A view along the c axis is shown in Figure 4.
Careful investigation of intermolecular interactions revealed
no significant m stacking. Presumably, steric repulsion from
the propeller-like phenyl groups prevents the molecules
from coming closer in the crystal although the trimers and
the monomers form layers and the C;Nj; rings are superim-
posed (Figure 4). The layers exclusively composed of mono-
mers are always interposed between two layers of trimers
and vice versa. Only two close N--N contacts with 2.817 A
were found (Figure 5), indicating a weak hydrogen bond®
between the amido H atom of the monomeric species and
an exocyclic N atom of the cyanuric ring. This homonuclear
N—H--N hydrogen bond is almost linear with an angle of
173.1°. Presumably, owing to the absence of N--N contacts
within and between the trimer and monomer layers and the
lacking of hydrogen bonds between the imino H atoms of
the trimer and the nitrogen atoms of the monomer, neither
chainlike structures nor sheets can be formed in the crystal
in contrast to the situation found in Htca (see below).

Crystals of pure trimeric Hpca (triphenylisomelamine)
crystallize in the monoclinic space group C2/c with four tri-
meric molecules in the unit cell. A perspective view of the
trimer is illustrated in Figure 6. The X-ray study of pure tri-

Figure 6. ORTEP drawing of the molecular structure of trimeric Hpca.
Thermal ellipsoids with 50% probability at 200 K (phenyl hydrogen
atoms omitted for clarity).

meric Hpca revealed very similar structural features as
found for the trimer in the mixed crystal (Figure 3). The C—
N and C—C bond lengths and all angles do not change much
when the pure compound crystallizes. The arrangement of
the molecules in the crystal shows differences to the mixed
crystal. Again the trimers form layers; however, the C;N;
rings are not superimposed anymore, yet they are still paral-
lel to each other. A view along the c axis (Figure 7) shows

Chem. Asian J. 2008, 3, 1050-1058

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

Figure 7. Cell of pure trimeric Hpca (view along the ¢ axis).

two repeating layers. Neither hydrogen bonds nor considera-
ble n-stacking effects could be observed.

Tritylcyanamide (Htca) crys-
tallizes in the triclinic space
group P1 with eight molecules
in the unit cell; four molecules
are crystallographically differ-
ent. A perspective view of the
Htca is depicted in Figure 8,
and a view along the b axis is
shown in Figure 9. Interestingly,
apart from the N2—C2 distance,
the bond lengths and angles are
very similar to those found in
monomeric Hpca cocrystallized
with its trimer. The N_OCZ bond cyanamide molecules in the
is elongated by 0.086 A owing  crystal. Thermal ellipsoids with
to steric strain of the bulky 50% probability at 200K
trityl group. A closer investiga- (phenyl hydrogen atoms omit-
tion of the homonuclear N--N ted for clarity).

Figure 8. ORTEP drawing of
the molecular structure of one
of the four independent trityl-

Figure 9. Cell of tritylcyanamide Htca (view along the b axis).
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contacts shows four different weak hydrogen bonds™ as il-
lustrated in Figure 10. These contacts are in the range of
2.85-2.94 A with N-H--N angles between 154 and 157° (d-

Figure 10. Hydrogen bonds in Htca. Selected distances [A] and angles [°]:
N1--N2 2.875, N3---N4 2.928, N5--N6 2.943, N7---N8 2.850; N1—-H1 0.920,
N3—-H2 0.945, N5-H3 0.885, N7-H4 0.916; N1-HI1--N2 157.1, N3—
H2---N4 156.3, N5—H3---N6 156.9, N7-H4---N8 154.0.

(N-H)=1.99-2.11 A). Contrary to the mixed Hpca (see
above) these hydrogen bonds are responsible for a zigzag
chainlike structure in the crystal.

K([18]crown-6)pca crystallizes in the monoclinic space
group P2,/n with four molecules in the unit cell. The pca ion
is an ambidentate ligand which can coordinate to a metal
ion through either the nitrile or the amide nitrogen atom.”!
Astonishingly, only one nitrogen atom (amido N atom) coor-
dinates to the K* ion besides the expected coordination of
the crown ether oxygen atoms. Thus, as shown in Figure 11,
no chainlike structure is observed although phenylcyana-
mide can also function as bridging ligand. Compared to

Figure 11. ORTEP drawing of the molecular structure of K([18]crown-
6)pca in the crystal. Thermal ellipsoids with 50% probability at 200 K
(hydrogen atoms omitted for clarity). Selected bond lengths [A] and
angles [°]: K-N2 2.749(2), N2-C1 1.301(3), C1-N1 1.166(4), N2—C2
1.390(3); N1-C1-N2 173.9(3), C1-N2—-C2 118.8(2).
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monomeric neutral Hpca, the N1—C1 bond in K([18]crown-
6)pca is slightly elongated, while the C1-N2 bond length is
decreased by about 0.03 A.

Conclusions

A new synthetic route to phenylcyanamide has been intro-
duced which avoids the use of hazardous lead(II) salts or
very toxic BrCN. This approach starts with the methylation
of phenylthiourea followed by a basic work-up. All products
along the synthetic route have been fully characterized by
means of NMR, IR, and X-ray studies.

For the first time structural data of neutral phenylcyana-
mide are available. According to X-ray studies the neutral
phenylcyanamide cocrystallizes with its trimer. The trimer is
triphenylisomelamine, which readily isomerizes to the tri-
phenylmelamine upon heating in solution or in the melt, in
accord with computations at the B3LYP level, which indi-
cate an exothermic process.

X-ray studies of the intriguing mixed crystals of Hpca re-
vealed the formation of distinct layers of monomeric and tri-
meric Hpca, which are connected by weak hydrogen bonds.

Experimental Section
General Information

Phenylthiourea,!"” N-phenyl-S-methylisothiouronium iodide,!"*! N-phenyl-
S-methylisothiourea,"” and tritylcyanamide!” were prepared according
to the procedures given in the literature; analytical data can be found in
the Supporting Information. 'H, *C{'H}, and "“N{'H} NMR spectra were
obtained on a JEOL EX 400 NMR spectrometer or on a JEOL EX 270
NMR spectrometer and were referenced either to protic impurities in the
deuterated solvent (‘H) or externally to SiMe, ("*C{'H}) or nitromethane
(“N{'H}). IR spectra were obtained on a PerkinElmer Spectrum One FT-
IR spectrometer with a DuraSampl/RII Diamond ATR sensor from
SensIR Technologies. Raman spectra were recorded on a Perkin-Elmer
Spectrum 2000 NIR FT equipped with a Nd:YAG laser (1064 nm). CHN
analyses were carried out on an Analysator Elementar Vario EL. MS
spectra were obtained on a Jeol MStation JMS 700. Melting points are
uncorrected (Biichi B540).

X-ray Structure Determination

Crystals suitable for X-ray analysis of the mixture trimeric Hpca/Hpca
(A; ratio 1:2, mixed crystals), of trimeric Hpca (B), and of K([18]crown-
6)pca (C) were obtained by recrystallization. For N-phenyl-S-methyliso-
thiouronium iodide (D), N-phenyl-S-methyl-isothiourea (E), and trityl-
cyanamide (F) X-ray quality crystals were grown in an analogous manner
(see the Supporting Information).

X-ray quality crystals of A, B, D, and E were selected at room tempera-
ture in Kel-F oil. Suitable crystals of compounds C and F were selected
in silicon oil at room temperature. All samples were mounted on a glass
fiber and cooled to 200(2) K (D: 173(2) K) during measurement. Data
for compounds A, B, D, and E were collected on an Oxford Xcalibur3
CCD diffractometer, data for compounds C and F were collected on a
Nonius Kappa CCD diffractometer using graphite-monochromated Moy,
radiation (1=0.71073). Crystallographic data are summarized in Table 1.
Selected bond lengths and angles are provided in Table 2. The structures
were solved by direct methods (SHELXS-97 (A, B, D, and E), SIR-97 (C
and F))P*U and refined by full-matrix least-squares procedures
(SHELXL-97)."¥ Semiempirical absorption corrections were applied for
A, B, D, and E using the ABSPACK?® program. All non-hydrogen
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atoms were refined anisotropically, hydrogen atoms bound to nitrogen
atoms were refined freely, and hydrogen atoms bound to carbon atoms
were included in the refinement at calculated positions using a riding
model.

Synthetic Procedures

Kpca: To a stirred solution of N-phenyl-S-methylisothiourea (9.59 g,
57.7 mmol) in isopropanol (30 mL) was added a solution of potassium hy-
droxide (3.24 g, 57.7 mmol) in water (10 mL). This mixture was heated to
boiling under reflux for 10 min with stirring. Subsequently, the solvent
was removed completely in high vacuum. Recrystallizing the residue
from acetone yielded 6.42 ¢ (71 %) potassium phenylcyanamide in the
form of thin, colorless, shiny plates. M.p.: 345°C (decomposition);
Raman (200 mW, 25°C): #=3065 (4), 3054 (3), 3028 (1), 2090 (3), 2077
(2), 1598 (10), 1575 (1), 1330 (4), 1177 (1), 1158 (2), 1028 (2), 995 (7), 811
(1), 676 (1), 395 (3), 258 (2), 176 cm™! (3); IR (25°C): 7=3188 (w), 3065
(w), 3017 (w), 2426 (w), 2224 (w), 2129 (w), 2070 (vs), 2036 (s), 1590 (s),
1574 (m), 1480 (m), 1452 (w), 1355 (w), 1322 (m), 1312 (s), 1292 (m),
1173 (w), 1146 (w), 1113 (m), 1075 (w), 878 (w), 810 (w), 758 (w), 745
(m), 690 (m), 674 cm™' (m); '"H NMR ([D¢]DMSO, 400 MHz, 25°C): 6 =
6.96-6.89 (m, 2H, Ph, meta), 6.64-6.59 (m, 2H, Ph, ortho), 6.40-6.33 ppm
(m, 1H, Ph, para); *C NMR ([D¢]DMSO, 101 MHz, 25°C): 6 =155.7 (s,
Ph, ipso), 128.9 (s, Ph, meta), 127.1 (s, Ph, para), 118.8 (s, Ph, ortho),
114.8 ppm (s, CN); “N NMR ([D4]DMSO, 28.9 MHz, 25°C): 6 =—209 (s,
Av,,=732 Hz, CN), —325 ppm (s, Av,,=2318 Hz, PhN); MS (FAB") m/
z: 117 (100) [M]. Elemental analysis (%) calcd for C;H;KN, (156.23):
N 17.93, C53.82, H 3.23; found: N 17.74, C 53.27, H 3.29.

The cesium and sodium salts were prepared in an analogous manner; an-
alytical data can be found in the Supporting Information.

K([18]crown-6)pca: Since it was not possible to grow crystals of potassi-
um phenylcyanamide suitable for X-ray structure analysis, the potassium
phenylcyanamide [18]crown-6 complex was synthesized for this purpose
instead. Potassium phenylcyanamide (0.41g, 2.65 mmol), [18]crown-6
(0.70 g, 2.65 mmol), and dried tetrahydrofuran (50 mL) were mixed and
heated to reflux with stirring for 15 min. After filtering the obtained mix-
ture, colorless crystals of the [18]crown-6 complex of potassium phenyl-
cyanamide precipitated from the filtrate. Elemental analysis (%) caled
for C;yH,KN,Og (420.55): N 6.66, C54.27, H6.95; found: N6.21,
C54.84, H7.03.

Hpca: A solution of potassium phenylcyanamide (1.00 g, 6.40 mmol) in
isopropanol (10 mL) and water (2 mL) was neutralized with 2M aqueous
HCI. The solvent was removed completely in high vacuum, and the resi-
due was subsequently extracted three times with 15 mL dichloromethane.
The extract was filtered and the filtrate was concentrated, yielding 0.71 g
(94 %) phenylcyanamide as a colorless liquid. IR (25°C): 7=3164 (m),
3099 (m), 2986 (m), 2918 (m), 2222 (s), 1599 (s), 1498 (s), 1434 (m), 1302
(w), 1247 (m), 1176 (w), 890 (w), 745 (m), 688 cm™' (m); 'H NMR
(CDCl,;, 400 MHz, 25°C): 0=7.27-7.19 (m, 2H, Ph, meta), 6.99-6.94 (m,
1H, Ph, para), 6.78-6.72 (m, 2H, Ph, ortho), 5.39 ppm (s, 1H, NH);
BCNMR (CDCl;, 101 MHz, 25°C): d=138.4 (s, Ph, ipso), 129.3 (s, Ph,
meta), 122.6 (s, Ph, para), 115.3 (s, Ph, ortho), 112.4 ppm (s, CN);
“N NMR (CDCl;, 28.9 MHz, 25°C): 6=—176 (s, Av,,=1890 Hz, CN),
—329 ppm (s, Avy,=2075 Hz, PhN); MS (DEI*) m/z: 118 (84) [M], 117
(7) [M—H], 92 (13) [M—CN], 91 (38) [M—H—-CN], 77 (59) [M—HNCN],
41 (5) [M—C¢Hs). Elemental analysis (%) caled for C;HgN, (118.14):
N 23.71, C71.17, H 5.12; found: N 23.24, C 70.81, H 4.69.

Mixed crystals: trimeric Hpca/Hpca: From a solution of phenylcyanamide
(1.52 g, 12.9 mmol) in isopropanol (10 mL) precipitated mixed crystals of
trimeric Hpca/Hpca (1.17 g, 77 %) after standing for seven days at room
temperature. M.p.: 169°C; "H NMR ([D4]DMSO, 400 MHz, 25 °C, trimer-
ic Hpca): 0=7.59-7.51 (m, 6H, Ph, meta), 7.48-7.43 (m, 9H, Ph, paral
ortho), 5.65ppm (s, 3H, NH); '"HNMR ([D¢]DMSO, 400 MHz, 25°C,
Hpca): 6=7.27-7.19 (m, 4H, Ph, meta), 6.99-6.94 (m, 2H, Ph, para),
6.78-6.72 (m, 4H, Ph, ortho), 5.39 ppm (s, 2H, HNCN); according to the
"H NMR, the ratio trimeric Hpca/Hpca in the mixed crystals is 1:2. Ele-
mental analysis (%) caled for C,H;gNg2C/HGN, (590.69): N 23.71,
C71.17, H5.12; found: N 23.82, C71.10, H 5.17.
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Trimeric Hpca from mixed crystals: A suspension of triphenylisomela-
mine/phenylcyanamide mixed crystals (0.73 g, 1.24 mmol) in water
(10 mL) was heated to boiling for 5 min. The triphenylisomelamine went
into solution while the phenylcyanamide remained undissolved. Subse-
quently, the solution was decanted off from the colorless, oily residue.
The obtained aqueous triphenylisomelamine solution was cooled to 0°C
and kept at this temperature for 1 h. The formed precipitate was filtered,
and the white residue was dried under high vacuum and recrystallized
from isopropanol. Colorless crystals of 0.21 g (48%) triphenylisomela-
mine were obtained. M.p.: 212°C; IR (25°C): #=3344 (m), 3051 (vw),
1646 (m), 1619 (vs), 1541 (w), 1491 (s), 1428 (vs), 1285 (m), 1254 (w),
1217 (w), 1198 (m), 1178 (m), 1166 (m), 1158 (m), 1094 (w), 1074 (w),
1058 (w), 1025 (s), 1002 (w), 799 (w), 752 (vs), 740 (m), 717 (m), 692 (vs),
614cm™ (w); '"HNMR ([Ds]DMSO, 400 MHz, 25°C): §=7.59-7.51 (m,
6H, Ph, meta), 7.48-7.43 (m, 9H, Ph, paralortho), 5.65 ppm (s, 3H, NH);
BCNMR ([Dg]DMSO, 101 MHz, 25°C): 6=148.3 (s, C=NH), 136.4 (s,
Ph, ipso), 130.2 (s, Ph, meta), 129.9 (s, Ph, para), 129.1 ppm (s, Ph, ortho);
MS (DEI*) miz: 354 (4) [M], 353 (13) [M-H], 235 (3)
[M—H-H;C,N(H)CN], 118 (5) [M—-2H;C({N(H)CN], 77 (100) [CHs].
Elemental analysis (%) calcd for C,H;gNg (354.41): N 23.71, C71.17,
H 5.12; found: N 23.27, C 71.56, H 5.34.

Trimeric Hpca from monomeric Hpca: A solution of phenylcyanamide
(2.43 g, 20.6 mmol) in isopropanol 30 mL) was heated to reflux with stir-
ring for 12 h. The solvent was removed completely in high vacuum. Re-
crystallizing the residue from isopropanol yielded 1.67 g (69 %) triphenyl-
isomelamine in the form of colorless crystals. M.p.: 212°C; Elemental
analysis (%) caled for C,;H¢N; (354.41): N 23.71, C 71.17, H 5.12; found:
N 23.58, C71.39, H5.23. For further analytical data, see the preceding
paragraph.

Computational Details

Our goal was to compare the structures and energetics of different iso-
mers of monomeric and trimeric Hpca. Therefore, it was important to
carry out the calculations in such a way that the results could be com-
pared reliably with each other. The structural and vibrational data of all
considered species and adducts were calculated by using the hybrid den-
sity functional theory (B3LYP) with the program package Gaussian 98.¥
A 6-31G(d,p) standard basis set was applied for all atoms. The computed
geometrical parameters and frequency data can be found in the Support-
ing Information (Figure S4-S6). NBO analyses® were carried out to in-
vestigate the bonding in all molecules at the B3LYP level utilizing the
optimized B3LYP geometry.

It should be emphasized that the computations were carried out for a
single, isolated (gas-phase) molecule. However, there may be significant
differences among gas-phase, solution, and solid-state data.
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Rhodium-Catalyzed Cyclization Reaction of 1,6-Enynes with Arylboronic
Acids through p-Hydride Elimination/Hydrorhodation Sequence

Masahiko Shimada, Tatsuro Harumashi, Tomoya Miura, and Masahiro Murakami*'*]

Abstract: Methoxy-substituted 1,6-enynes react with arylboronic acids in the pres-
ence of a rhodium(I) complex to give arylated cyclization products. This occurs by
a multi-step mechanism consisting of rhodium/boron transmetalation, intermolecu-
lar carborhodation, intramolecular carborhodation, f-hydride elimination, hydro-
rhodation, and B-oxygen elimination. A shift of the position of a carbon-carbon
double bond is observed, suggesting that the -hydride elimination/hydrorhodation

Keywords: boron - catalysis - cycli-
zation - elimination - rhodium

process is repeatedly taking place.

Introduction

A wide range of organoboronic acids and esters are increas-
ingly commercially available, promoting their use in organic
synthesis.!"! While being fairly stable towards air and water,
they react with rhodium(I) complexes to generate organo-
rhodium(I) species, which subsequently undergo a carborho-
dation step onto a variety of unsaturated organic functional-
ities in an intermolecular manner. Thus, the rhodium-cata-
lyzed addition reactions of organoboronic acid derivatives
have been intensively studied as a useful method of carbon-
carbon bond formation.” It has also been shown that multi-
ple carborhodation steps can operate on substrates possess-
ing two or more unsaturated functionalities to form structur-
ally complex cyclic molecules.”) We have previously de-
scribed the rhodium-catalyzed cyclization reactions of 1,6-
enynes with arylboronic acids” wherein a catalytically
active methoxorhodium(I) species is regenerated through f3-
methoxy elimination [Eq. (1)®! and Eq. (2)]. The methoxo
ligands on rhodium are sufficiently nucleophilic to coordi-
nate to the boronic compound, facilitating transmetalation
between rhodium and boron.

Continuing our studies on other 1,6-enyne compounds, we
found that a cyclization reaction proceeded by a different
pathway to give an unexpected cyclic product 7 when the
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E ArB(OH), E

2 Me

»
2

methyl substituent on the alkenyl moiety of 4 was subtract-
ed [Eq. (3)]. The small structural change brought a succes-
sive -hydride elimination/hydrorhodation process in the re-
action sequence. We report herein the synthesis of arylated
cyclic compounds by a new cyclization reaction of 1,6-
enynes with arylboronic acids catalyzed by a rhodium(I)

complex.
OMe
E ——= Rh'L, E Ar
H —_— 3
E ArB(OH),2 E

Me
7

[-2]

Results and Discussion

Initially, we examined several rhodium catalysts (5 mol %
Rh) in the reaction of 1,6-enyne 6a (1 equiv) with phenyl-
boronic acid (2a, 2 equiv; Table 1). Whereas the employ-
ment of Wilkinson’s complex inefficiently catalyzed the re-
action, the use of [RhCl(binap)], or [RhCl(cod)],, together

¥ /WILEY
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Table 1. Reaction of 6a with 2a in the presence of rhodium catalysts."!

_ OMe _ cat. Rh'L,
E = 2equiv. (5mol% Rh) E Ph
+ PhBOH), — »
E A\ 22 dioxane, 3h E Me
6a 7aa

Entry Rh'L, Temp. [°C] Base (0.6 equiv)  Yield [%]"
1 [RhCI(PPhy),] 80 KOH 14
2 [RhCl(binap), 80 KOH 56
3 [RhCl(cod)], 80 KOH 44
4 [RhCl(nbd)], 80 KOH 66
5 [RhCl(nbd)], 50 KOH 65
6 [Rh(OMe)(nbd)], 50 - 7

[a] Reaction conditions: 6 (0.2 mmol), 2 (0.4 mmol), Rh'L, (5 mol % Rh)
in dioxane (2.0mL) for 3h under argon unless otherwise noted.
[b] Yields of isolated product. E=methoxycarbonyl. binap =2,2'-bis(di-
phenylphosphino)-1,1-binaphthyl, cod=cycloocta-1,5-diene. nbd=nor-
bornadiene.

with KOH gave the arylative

A mixture of E and Z isomers was produced from substrate
6¢ (entry 7, Table 2). The cyclization reaction also occurred
with substrate 6e having a free hydroxy group at the propar-
gylic position (entry 9, Table 2). The reaction of 1,6-enynes
bearing sulfonamide and ether tethers hardly occurred,
giving the corresponding cyclized products in low yield
(ca.5%).

We propose that the reaction proceeds through the path-
way outlined in Scheme 1.’ The arylrhodium species A,
generated by transmetalation of an arylboronic acid with a
rhodium(I) complex,”! adds regioselectively across the
carbon—carbon triple bond of 6 to afford alkenylrhodium(I)
species B.'Y Then, intramolecular carborhodation occurs
onto the pendent carbon—carbon double bond in a 5-exo-trig
mode to give a (cyclopentylmethyl)rhodium(I) intermediate

Table 2. Rh'-catalyzed reaction of 1,6-enynes 6 with arylboronic acids 2.1%!

cyclization product 7aa in 56 Entry Substrate ArB(OH), Product Yield [%]™
and 44% yields, respectively 7 6a 2b 4-Me-C,H, 7ab 67
(entries 1-3, Table 1). Unlike 2 6a 2¢3-Me-CH, 7ac 66
the case of substrate 4 [Eq. (2)], 3 6a 2d 2-Me-C¢H, 7ad 65
no formation of vinyleyclopro-  * 6a 2e 3-Br-GiH, Tae 71
5 6a 2£3-MeO-C,H, 7af 69
pane substructure was ob- OMe
served. Rhodium(I)-norborna- E = E
- 6 2aPh Fh 55k
diene complexes gave better £ .
yields (entries 4-6, Table 1), \ Me Et
and 7aa was produced in the 6b 7ba
best isolated yield of 72% OMe Me
6] E ——=
when [Rh(OMe)(nbc.i)]z was Ve 2a Ph c o 2410
employed at 50°C without any E \ .
additional base. Me
The scope of the reaction was 6c Tea
examined by using various com- BnO — OMe
binations of 1,6-enynes 6 and 3§ 2aPh Bno Ph 661
arylboronic acids 2 under opti- BnO A BnO Me
mized  reaction  conditions 6d 7da
(Table 2). A sterically and elec- o]
tronically diverse array of aryl- BnO = BnO Ph ’
. . . 9 2aPh 541
boronic acids reacted with 6a BnO BRO
to give 1-(1-arylvinyl)-2-methyl- A Me
6e 7da

cyclopentenes 7ab-7af in yields

ranging from 65 to 71% (en-
tries 1-5, Table2). A vicinally
disubstituted (E)-6b participat-
ed in the rhodium-catalyzed
cyclization to afford 7ba in
55% yield (entry 6, Table 2).”!

benzyl.

Abstract in Japanese:

OYYLMBHEET. AMFIHEEEDI 6T >ic7U—LROY
BMEEHIEZ L. 7U-LEESDRRIEEUNIES . OV VLA
EPV-LRAVBOSBRBEIDERLLFY —ILAYY LEBHT
LEYRAMUTPATZLOI T LREGFESZ. DWTHFROT
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Y3 VBRERT. BERRMENEI > EFEIS5N3,
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[a] Reaction conditions: 6 (0.2 mmol), 2 (0.4 mmol), [Rh(OMe)(nbd)], (5 umol, 5mol % Rh) in dioxane
(2.0 mL) at 50°C for 3-5 h under argon unless otherwise noted. [b] Yields of isolated product. [c] 80°C. [d] 2a
(0.8 mmol), [Rh(OMe)(nbd)], (10 umol, 10 mol % Rh). [e] E/Z=57:43. [f] RT. E=methoxycarbonyl. Bn=

C. B-Hydride elimination is immediately followed up by hy-
drorhodation with an opposite regiochemistry to accomplish
a 1,2-shift of rhodium,™ leading to the formation of cyclo-
pentylrhodium(I) E. Allylic 1,3-migration of rhodium fur-
nishes alkylrhodium(I) F. Finally, f-methoxy elimination
yields 7 together with a catalytically active methoxorhodiu-
m(I) species.'”! The methoxo ligand on rhodium is suffi-
ciently nucleophilic to coordinate to the arylboronic acid, fa-
cilitating the next transmetalation between rhodium and
boron.[™!

Chem. Asian J. 2008, 3, 1035-1040





Rhodium-Catalyzed Cyclization Reactions

OMe
Rh'OMe 6 Ar
2 —» Rh-Ar B _—
trans- addition | carbo-
metalation A X Rh rhodation
<
B
OMe
Ar
hydro-
el/m/nat/on rhodation Rh' o
I
(o3 D E
OMe
Rh'
P ¢ I Ar 7 + Rh'OMe
1,3-migration $OMe
Me elimination

F

Scheme 1. Proposed mechanism for the formation of 7 from 6.

When deuterated 1,6-enyne [D]-6a reacted with phenyl-
boronic acid (2a), the vinylic deuterium atom migrated to
the methyl carbon atom of [D]-7aa [Eq. (4)]. This result
supports the involvement of the -hydride elimination/hy-
drorhodation sequence in the catalytic cycle.

OMe 5 mol %
E = Rh(OMe)(nbd
D (94% D) [Rh( )nbd)l, E Ph
E 3 equiv 2a E (4)
dioxane, 50 °C CHZ[Z
D (7% D) 3h (96% D)
[D]-6a [D]-7aa 67%

Variants of the cyclization reaction involving the succes-
sive P-hydride elimination/hydrorhodation process were
found when analogous 1,6-enynes having a methoxy group
at different positions were used. The reaction of 1,6-enyne 8
having a methoxy group at the inner allylic position reacted
with 2a at 80°C to give the cyclized product 9 as a mixture
of geometrical isomers (E/Z=45:55) in 75% yield
(Scheme 2). We assume that the mixture arose from equili-
bration between geometrical isomers H and J through allylic
isomer I, which gained stabilization by the oa-phenyl sub-
stituent.

We also studied the reaction of 1,6-enyne 10a with a me-
thoxy group at the homo-allylic position. An analogous ary-
lative cyclization reaction proceeded to afford an intermedi-
ate K. B-Hydride elimination, hydrorhodation, and [-me-
thoxy elimination successively occurred to afford 11a in
69% yield when [Rh(OH)(cod)], was used as the catalyst
(Scheme 3).01

In the case of substrate 10b with a methoxy group at a
more remote position of the alkenyl chain, the @-hydride
elimination/hydrorhodation process was repeated until [3-
methoxy elimination formed a terminal olefin [Eq. (5)]."")
The product 11b was accompanied by a certain amount
(ca.30%) of several regioisomers having a carbon-carbon

Chem. Asian J. 2008, 3, 1035-1040
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Me Rhl Ph
Me
- Y
meo RN} e
H ! !
Me
ol
— Y
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Me
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Scheme 2.
——Et 9 5
Vam— 5.0 mol %
z [Rh(OH)(cod)], Ph
\ —_— z Rh'
4.0 equiv 2a H
THF OMe
OMe 0°C,3h
10a K
Z = C(CO,Me),
Ph Ph
— 7 z
H
RK
OMe X
L 11a 69%
Scheme 3.

double bond at inner positions. Therefore, to estimate the
efficiency of the cyclization reaction, the crude 11b was sub-
jected to a hydrogenation reaction.

Z/ Bt 5.0mol % Et 10 mol %
[Rh(OH)(cod Ph RhCI(PPh3)3

) 4 0 equw 2a H2 (1 atm)

benzene
(5 OMe 0°c 3h 50°C,8h
10b 12b 59% (2 steps)

Z = C(CO,Me),
Conclusions

We have developed new cyclization reactions of methoxy-
substituted 1,6-enynes with arylboronic acids catalyzed by a
rhodium(T) complex. The reaction proceeds through a multi-
step sequence consisting of rhodium/boron transmetalation,

www.chemasianj.org 1037
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intermolecular carborhodation, intramolecular carborhoda-
tion, P-hydride elimination, hydrorhodation, and [-oxygen
elimination.

Experimental Section

General

All reactions were carried out with standard Schlenk techniques under
an argon atmosphere. 'H NMR spectra were recorded on a Varian
Gemini 2000 ("H at 300.07 MHz) spectrometer. ?C NMR spectra were
recorded on a Varian Gemini 2000 (**C at 75.46 MHz) spectrometer or a
JEOL JNM-A400 (*C at 100.40 MHz) spectrometer. All NMR data
were obtained in CDCI; unless otherwise noted. Proton chemical shifts
were referenced to the residual proton signal of the solvent at 7.26 ppm.
Carbon chemical shifts were referenced to the carbon signal of the sol-
vent at 77.0 ppm. High-resolution mass spectra were recorded on a
JEOL JMS-SX102 A spectrometer. Infrared spectra were recorded on a
Shimadzu FTIR-8100 spectrometer. Column chromatography was per-
formed with silica gel 60 N (Kanto Chemical Co). Preparative thin-layer
chromatography was performed with silica 60 PF,s, (Merck).

Synthesis

6a: To a suspension of NaH (77 mg, 3.2 mmol) in THF (15mL) was
added dropwise a solution of dimethyl 2-allylmalonate (446 mg,
2.6 mmol) in THF (5 mL) at 0°C. After 30 min, a solution of 1-bromo-4-
methoxybut-2-ynel' (634 mg, 3.9 mmol) in THF (5mL) was added at
0°C. The reaction mixture was stirred at room temperature for 28 h, and
then quenched with addition of H,0O (20 mL). The resulting aqueous
phase was extracted with ethyl acetate (3x20 mL). The combined organ-
ic phase was washed with brine and dried over MgSO,. The solvent was
removed under reduced pressure and the residue was purified by column
chromatography (hexane/ethyl acetate=9:1) to afford 6a (550 mg,
2.2mmol, 83%). IR (neat): 7=2955, 2244, 1740, 1642, 1437 cm™;
"HNMR: 6=2.80 (dt, J=7.2, 1.1 Hz, 2H), 2.85 (t, J=2.1 Hz, 2H), 3.34
(s, 3H), 3.74 (s, 6H), 4.06 (t, J=2.1Hz, 2H), 5.09-522 (m, 2H),
5.63 ppm (ddt, J=17.1, 9.9, 7.5 Hz, 1H); "CNMR (75 MHz): 6=23.0,
36.6, 52.7, 57.0, 57.3, 59.9, 79.0, 81.1, 119.8, 131.6, 170.1 ppm; HRMS
(CY): m/z caled for C3H4O5: 254.1154 [M]*; found: 254.1160.

[D]-6a: Compound [D]-6a was prepared from dimethyl 2-(4-methoxy-
but-2-enyl)malonate!'”! and 2-deuterioprop-2-enyl methanesulfonate, pre-
pared from 2-deuterioprop-2-en-1-ol,'® under the reported reaction con-
ditions.” "TH NMR: 0=2.77-2.82 (m, 2H), 2.85 (t, J=2.1 Hz, 2H), 3.34
(s, 3H), 3.74 (s, 6H), 4.06 (t, J=2.1 Hz, 2H), 5.07-5.21 (m, 1.93H), 5.53-
5.69 ppm (m, 0.06 H); *C NMR (75 MHz): 0=23.1, 36.6, 52.7, 57.0, 57.3,
59.9, 79.1, 81.2, 119.7, 131.4 (t, J=23.2 Hz), 170.2 ppm; HRMS (FAB):
m/z caled for C;3H;;0sD: 256.1295 [M +H]™; found: 256.1293.

(E)-6b: Compound (E)-6b was prepared from (E)-dimethyl 2-crotylmal-
onate®! and 1-bromo-4-methoxybut-2-yne!'® according to a similar pro-
cedure as 6a in 46% yield. IR (neat): 7=2955, 1997, 1738, 1435,
1283 cm™'; '"HNMR: 0=1.58-1.66 (m, 3H), 2.65-2.73 (m, 2H), 2.80 (t,
J=2.1Hz, 2H), 3.31 (s, 3H), 3.70 (s, 6H), 4.03 (t, J=2.1 Hz, 2H), 5.12—
5.27 (m, 1H), 5.48-5.64 ppm (m, 1 H); *C NMR (75 MHz): 6 =18.0, 22.9,
354, 52.6, 57.1, 572, 59.8, 78.8, 81.3, 123.8, 130.5, 170.3 ppm; HRMS
(CI): m/z caled for C4H,,O5: 269.1389 [M +H]*; found: 269.1389.

6¢: Compound 6¢ was prepared from dimethyl 2-allylmalonate and 1-
bromo-4-methoxy-4-methylbut-2-yne according to a similar procedure as
6a in 82% yield. IR (neat): 7=2986, 1740, 1642, 1439, 1219, 1206 cm';
'HNMR: =137 (d, J=6.6 Hz, 3H), 2.80 (dt, J=7.5, 0.9 Hz, 2H), 2.83
(d, /=18 Hz, 2H), 3.35 (s, 3H), 3.73 (s, 6H), 4.03 (qt, /=6.6, 1.8 Hz,
1H), 5.09-521 (m, 2H), 5.63ppm (ddt, J=17.1, 9.9, 7.8 Hz, 1H);
BC NMR (75 MHz): 6=22.2, 22.9, 36.6, 52.7, 56.0, 57.0, 66.7, 79.7, 83.1,
119.7, 131.7, 170.1 ppm; HRMS (CI): m/z caled for C,4H,,Os: 269.1389
[M+H]*; found: 269.1386.

6d: To a solution of 6e (1.09 g, 3.0 mmol) and 2,6-ditert-butyl-4-methyl-
pyridine (1.85 g, 9.0 mmol) in CH,Cl, (20 mL) was added MeOTf (1.47 g,
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9.0 mmol) at 0°C. The reaction mixture was stirred at room temperature
for 2 days, and then quenched with addition of sat. NaHCO; aq. (20 mL).
The resulting aqueous solution was extracted with ethyl acetate (3x
20 mL). The combined organic phase was dried over MgSO, and the sol-
vent was removed under reduced pressure. The residue was purified by
column chromatography (hexane/ethyl acetate=5:1) to afford 6d
(822 mg, 22mmol, 72%). IR (neat): #=2857, 1638, 1455, 1364,
1096 cm™; '"HNMR: 6=225 (d, /J=7.5Hz, 2H), 2.30-2.36 (m, 2H),
3.32-3.44 (m, 4H), 3.33 (s, 3H), 4.06 (t, J=2.0 Hz, 2H), 4.50 (s, 4H),
5.00-5.15 (m, 2H), 5.68-5.88 (m, 1H), 7.21-7.37ppm (m, 10H);
BCNMR (75 MHz): §=22.5, 36.3, 42.2, 57.2, 60.1, 71.9, 73.2, 77.7, 83.7,
118.0, 127.3, 128.2, 133.8, 138.7 ppm; HRMS (CI): m/z caled for
CysH3,0;: 378.2195 [M]*; found: 378.2200.

6e: Compound 6e was prepared by homologation reaction of 4,4-bis(-
benzyloxymethyl)hept-1-en-6-yne? with paraformaldehyde according to
the method in the literature.”” IR (neat): v=3420, 2863, 2222, 1638,
1455, 1366 cm™'; '"H NMR: 0 =1.55 (t, J=6.2 Hz, 1 H), 2.23 (d, J=7.5 Hz,
2H), 2.31 (t, /=23 Hz, 2H), 3.36 (d, /=8.7 Hz, 2H), 3.40 (d, /=9.0 Hz,
2H), 4.18 (dt, /=6.0, 2.1 Hz, 2H), 4.50 (s, 4H), 5.02-5.13 (m, 2H), 5.78
(ddt, /=174, 102, 7.5Hz, 1H), 7.23-7.38 ppm (m, 10H); “C NMR
(75 MHz): 6=22.5, 36.3, 42.1, 51.3, 71.7, 73.2, 80.3, 83.1, 118.1, 127.3,
127.4, 1282, 133.8, 138.7 ppm; HRMS (EI): m/z caled for C,Hy0;:
364.2038 [M]™; found: 364.2035.

8: Diethyl 2-(but-2-ynyl)-2-(diethoxymethyl)malonate, prepared from di-
ethyl 2-(diethoxymethyl)malonate! and 1-bromobut-2-yne, according to
a similar procedure used for 6a, was subjected to reduction (LiAlH, in
Et,0), benzylation (NaH, BnBr, cat. TBAI in THF/DMF (5:1)), and
acidic hydrolysis (3m HCI in THF). The resulting 2,2-bis(benzyloxyme-
thyl)hex-4-ynal was reacted with vinylmagnesium bromide in a THF solu-
tion, followed by methylation under the same conditions as 6d to afford
the desired 8. IR (neat): 7=2919, 2245, 1638, 1455, 1366, 1092 cm™';
'HNMR: 6=1.75 (t, J=2.7Hz, 3H), 2.34 (q, J=2.7Hz, 2H), 3.23 (s,
3H), 3.47 (dd, J=9.3, 0.8 Hz, 2H), 3.53 (dd, /=9.0, 3.0 Hz, 2H), 3.66 (d,
J=87Hz, 1H), 447 (dd, J=12.0, 1.8 Hz, 2H), 4.52 (d, J=12.6 Hz, 2H),
5.12-5.24 (m, 2H), 5.96 (ddd, J=17.1, 10.3, 8.6 Hz, 1H), 7.21-7.35 ppm
(m, 10H); "C NMR (75 MHz): 0 =3.6, 20.6, 45.9, 56.8, 70.48, 70.54, 73.2,
76.3, 84.8, 118.2, 127.15, 127.23, 128.1, 135.9, 138.9 ppm; HRMS (CI): m/z
caled for CysH;,O5: 378.2195 [M]*; found: 378.2199.

10a: Compound 10a was prepared from dimethyl 2-(5-methoxypent-2-
enyl)malonate and 1-bromopent-2-yne according to a similar procedure
as 6a in 75% yield. IR (neat): #=2950, 1740, 1437, 1293, 1210 cm™;
'"HNMR: 6=1.08 (t, J=7.5Hz, 3H), 2.12 (qt, J=7.5, 2.4 Hz, 2H), 2.38
(q, J=6.9 Hz, 2H), 2.74 (t, J=2.4 Hz, 2H), 2.83 (d, /J=7.8 Hz, 2H), 3.34
(s, 3H), 3.38 (t, J=6.9 Hz, 2H), 3.73 (s, 6H), 5.19-5.32 (m, 1H), 5.52-
5.65ppm (m, 1H); ®"CNMR (75 MHz): 6=12.3, 14.1, 22.9, 27.8, 30.0,
52.6,57.2,58.5,72.1, 73.7, 84.9, 124.3, 130.4, 170.5 ppm; HRMS (CI): m/z
caled for C,gH,505: 297.1702 [M +H]*; found: 297.1700.

10b: Compound 10b was prepared from dimethyl 2-(9-methoxynon-2-
enyl)malonate and 1-bromopent-2-yne according to a similar procedure
used for 6a in 75% yield. IR (neat): 7=2932, 1740, 1437, 1293,
1211 em™'; 'TH NMR: 6 =1.09 (t, J=7.5 Hz, 3H), 1.27-1.40 (m, 6 H). 1.51-
1.62 (m, 2H), 2.03-2.18 (m, 4H), 2.73 (t, J=2.4Hz, 2H), 2.80 (d, /=
7.8 Hz, 2H), 3.33 (s, 3H), 3.36 (t, J=6.6 Hz, 2H), 3.72 (s, 6H), 5.07-5.19
(m, 1H), 549-5.60 ppm (m, 1H); "CNMR (75 MHz): =123, 14.1,
22.8, 26.0, 27.3, 29.2, 29.6, 29.8, 52.6, 57.2, 58.5, 72.8, 73.8, 84.8, 122.1,
134.7, 170.6 ppm; HRMS (FAB): m/z calcd for C,Hs;05: 353.2328 [M +
H]*; found: 353.2334.

A typical procedure for the rhodium-catalyzed cyclization of 1,6-enynes 6
with arylboronic acids 2: To an oven-dried Schlenk tube was added [Rh-
(OMe)(nbd)], (2.3mg, 5.0 umol, 5mol% Rh), arylboronic acid 2
(0.4 mmol, 2.0 equiv), 1,4-dioxane (1.0 mL), and a solution of 1,6-enyne 6
(0.2 mmol, 1.0 equiv) in 1,4-dioxane (1.0 mL). The reaction mixture was
stirred at 50°C for 3-5 h under an argon atmosphere, and then quenched
with addition of water (5mL). The resulting aqueous solution was ex-
tracted with ethyl acetate (3x10mL). The combined extracts were
washed with brine and dried over MgSO,. The solvent was removed
under reduced pressure and the residue was purified by preparative thin-
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layer chromatography (hexane/ethyl acetate =5:1 or 3:1) to give the cor-
responding product 7.

7aa: IR (neat): 7=2955, 1732, 1599, 1435, 1260 cm™; '"THNMR: 6=1.54
(s, 3H), 3.08-3.16 (m, 4H), 3.75 (s, 6H), 5.11 (d, J=1.5 Hz, 1H), 5.43 (d,
J=1.5Hz, 1H), 7.23-7.35 ppm (m, 5H); *CNMR (75 MHz): 6=14.9,
44.5, 46.5, 52.8, 57.2, 114.9, 126.9, 127.4, 128.2, 132.4, 134.1, 140.3, 144.7,
172.6 ppm; HRMS (CI): m/z caled for C,sH,,O,: 300.1362 [M]*; found:
m/z 300.1360.

[D]-7aa: '"HNMR (C;De): 6=1.32-1.44 (m, 2.04H), 3.21-3.24 (m, 2H),
3.75 (s, 6H), 3.39-3.43 (m, 2H), 5.06 (d, /=18 Hz, 1H), 5.36 (d, /=
1.5Hz, 1H), 7.03-7.16 (m, 3H), 7.33-7.39 ppm (m, 2H); “C NMR
(75 MHz): 6=14.7 (t, J=19.7 Hz), 44.5, 46.5, 52.8, 57.2, 114.9, 126.9,
127.4, 128.2, 132.5, 134.1, 140.3, 144.7, 172.6 ppm; HRMS (EI): m/z calcd
for C;sH;,0,D: 301.1424 [M]*; found: m/z 301.1421.

7ab: IR (neat): #=2953, 1738, 1609, 1512, 1435, 1260 cm™'; 'H NMR: 0 =
1.55 (s, 3H), 2.34 (s, 3H), 3.08-3.15 (m, 4H), 3.75 (s, 6H), 5.05 (d, J=
1.5 Hz, 1H), 540 (d, J=15 Hz, 1H), 7.12 (d, J=8.1 Hz, 2H), 7.19 ppm
(d, 7=8.1Hz, 2H); 3CNMR (75 MHz): 6=14.9, 21.1, 44.5, 46.5, 52.8,
57.3, 114.1, 126.8, 128.9, 132.6, 133.9, 137.2, 137.3, 144.5, 172.6 ppm;
HRMS (CI): m/z caled for C,yH,,0,: 314.1518 [M]*; found: 314.1519.

7ac: IR (neat): 7=2953, 1734, 1601, 1435, 1260 cm™; 'THNMR: 6=1.55
(s, 3H), 2.34 (s, 3H), 3.08-3.15 (m, 4H), 3.75 (s, 6H), 5.08 (d, J=1.5 Hz,
1H), 5.42 (d, J=1.8 Hz, 1H), 7.05-7.12 (m, 3H), 7.16-7.23 ppm (m, 1 H);
BCNMR (75 MHz): 6=14.9, 21.5, 44.5, 46.5, 52.8, 57.3, 114.7, 124.0,
127.6, 128.1, 128.2, 132.6, 134.0, 137.7, 140.2, 144.7, 172.6 ppm; HRMS
(CI): m/z caled for C;gH,,0,4: 314.1518 [M]*; found: 314.1518.

7ad: IR (neat): 7=2953, 1734, 1597, 1576, 1435, 1260 cm™; 'THNMR: 6=
1.22 (s. 3H), 2.13 (s, 3H), 3.02-3.07 (m, 2H), 3.17-3.22 (m, 2H), 3.74 (s,
6H), 5.03 (d, J=12 Hz, 1H), 5.25 (d, J=1.2 Hz, 1 H), 7.07-7.22 ppm (m,
4H); "CNMR (75 MHz): 6=14.4, 19.5, 43.7, 47.6, 52.8, 56.6, 116.2,
125.6, 127.2, 129.0, 129.7, 131.0, 134.0, 135.6, 141.9, 145.4, 172.6 ppm;
HRMS (CI): m/z calcd for C,oH,,0,: 314.1518 [M]*; found: 314.1513.

7ae: IR (neat): 7=2953, 1732, 1592, 1559, 1435, 1260 cm™'; '"H NMR: 6 =
1.55 (s, 3H), 3.10 (s, 4H), 3.76 (s, 6H), 5.13 (d, /=12 Hz, 1H), 5.43 (d,
J=15Hz, 1H), 7.14-7.24 (m, 2H), 7.37-7.44 ppm (m, 2H); C NMR
(75 MHz): 6=15.0, 44.3, 46.5, 52.9, 57.3, 116.0, 122.4, 125.6, 129.8, 129.9,
130.4, 131.8, 134.9, 142.4, 143.4, 172.5 ppm; HRMS (CI): m/z caled for
C,sH,,0,Br: 378.0467 [M]*; found: 378.0470.

7af: IR (neat): ¥=2953, 1732, 1593, 1435, 1260 cm™'; 'THNMR: 0=1.56
(s, 3H), 3.07-3.16 (m, 4H), 3.74 (s, 6H), 3.81 (s, 3H), 5.10 (d, /=1.8 Hz,
1H), 5.44 (d, J=1.8 Hz, 1H), 6.79-6.92 (m, 3H), 7.18-7.26 ppm (m, 1 H);
BCNMR (75 MHz): 6=14.9, 44.5, 46.5, 52.8, 552, 57.2, 112.6, 113.0,
115.0, 119.4, 129.1, 132.4, 134.2, 141.7, 144.5, 159.5, 172.6 ppm; HRMS
(CI): m/z caled for CgH,,O5: 330.1467 [M]*; found: 330.1465.

7ba: IR (neat): #=2955, 1734, 1435, 1260 cm™'; '"H NMR: 6=0.93 (t, /=
7.8 Hz, 3H), 2.02 (q, J=7.8 Hz, 2H), 3.07-3.15 (m, 4H), 3.75 (s, 6H),
5.09 (d, J=1.8 Hz, 1H), 5.44 (d, J=1.5 Hz, 1H), 7.21-7.37 ppm (m, SH);
BCNMR (75 MHz): 6=12.6, 22.0, 43.4, 44.4, 52.8, 57.4, 114.6, 126.7,
127.5, 128.2, 132.1, 139.7, 140.1, 144.5, 172.6 ppm; HRMS (CI): m/z calcd
for C,gH,,0,: 314.1518 [M]*; found: 314.1513.

7ca: A mixture of geometrical isomers (E/Z=57:43). IR (neat, mixture):
7=2953, 1738, 1435, 1260 cm™'; 'HNMR (E isomer): 6=1.35 (s, 3H),
1.67 (d, J=72Hz, 3H), 3.03 (s, 2H), 3.05-3.10 (m, 2H), 3.72 (s, 6H),
5.70 (q, J=72Hz, 1H), 7.07-7.36 ppm (m, 5H); (Z isomer): 6 =1.58—
1.62 (m, 3H), 1.69 (d, J=7.2 Hz, 3H), 2.95-3.00 (m, 2H), 3.10-3.15 (m,
2H), 3.73 (s, 6H), 6.02 (q, /=72 Hz, 1H), 7.07-7.36 ppm (m, 5H);
BC NMR (100 MHz, mixture): d =14.5, 14.76, 14.78, 15.3, 43.9, 44.1, 45 .4,
47.0, 52.7, 56.9, 57.8, 124.7, 125.0, 126.1, 126.6, 126.8, 128.0, 128.3, 129.2,
130.9, 131.7, 133.4, 133.8, 136.8, 138.1, 139.4, 140.1, 172.7 ppm; HRMS
(CI, mixture): m/z caled for C,H,,0,: 314.1518 [M]*; found: 314.1520.
7ea: IR (neat): 7=2851, 1948, 1808, 1599, 1495, 1453, 1362cm™;
'H NMR: 6 =146 (s, 3H), 2.34-2.46 (m, 4H), 3.49 (s, 4H), 4.54 (s, 4H),
505 (d, J=1.8Hz, 1H), 534 (d, J=18Hz, 1H), 7.22-7.37 ppm (m,
15H); "CNMR (75 MHz): 6=15.5, 43.6, 45.0, 45.8, 73.2, 742, 114.0,
127.0, 127.2, 127.3, 127.4, 128.1, 128.2, 133.4, 135.3, 1389, 141.1,
146.1 ppm; HRMS (CI): m/z caled for C3Hs,O,: 424.2402 [M]*; found:
424.2395.
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9:To an oven-dried Schlenk tube was added [Rh(OMe)(nbd)], (1.6 mg,
3.5 umol, 5mol% Rh), phenylboronic acid 2a (52.1 mg, 0.427 mmol,
3.0 equiv), 1,4-dioxane (0.5 mL), and a solution of 1,6-enyne 8 (53.7 mg,
0.142 mmol, 1.0 equiv) in 1,4-dioxane (1.0 mL). The reaction mixture was
stirred at 80°C for 5h under an argon atmosphere, and quenched with
addition of water (5 mL). The resulting aqueous solution was extracted
with ethyl acetate (3x10 mL) and the combined extracts were washed
with brine and dried over MgSO,. The solvent was removed under re-
duced pressure and the residue was purified by preparative thin-layer
chromatography (hexane/ethyl acetate=9:1) to give the corresponding
product 9 (44.9 mg, 0.106 mmol, 75%) as a mixture of geometrical iso-
mers (E/Z=45:55). IR (neat, mixture): 7=2853, 1734, 1597, 1455, 1362,
1115 cm™"; '"H NMR (E isomer): 0 =2.13 (d, J=0.9 Hz, 3H), 2.19 (s, 3H),
2.26 (s, 2H), 3.33 (d, /=9.3 Hz, 2H), 3.36 (d, /=9.0 Hz, 2H), 445 (d, J=
12.6 Hz, 2H), 4.50 (d, /J=12.6 Hz, 2H), 5.80 (s, 1H), 7.10-7.37 ppm (m,
15H); (Z isomer): 6=1.18 (s, 3H), 1.99 (s, 3H), 2.55 (s, 2H), 3.47 (d, /=
9.3 Hz, 2H), 3.50 (d, /=84 Hz, 2H), 4.56 (s, 4H), 5.70 (s, 1H), 7.10-
7.37 ppm (m, 15H); "CNMR (75 MHz, mixture): 0=17.0, 18.6, 20.7,
24.2,38.7,39.8, 50.4, 50.5, 73.2, 73.3, 73.7, 74.0, 125.9, 126.1, 127.3, 127.35,
127.40, 127.6, 127.7, 128.17, 128.22, 128.8, 138.3, 138.7, 138.8, 139.2,
139.77, 139.84, 142.0, 142.2, 144.4, 146.7 ppm; HRMS (CI, mixture): m/z
caled for C3H;,0,: 424.2402 [M]*; found: 424.2404.

11: To an oven-dried Schlenk tube was added [Rh(OH)(cod)], (4.4 mg,
9.6 umol, 10 mol% Rh), phenylboronic acid (2a, 93.3 mg, 0.765 mmol,
4.0 equiv), THF (0.9 mL) and a solution of 1,6-enyne 10a (55.2 mg,
0.186 mmol, 1.0 equiv) in THF (1.0 mL). The reaction mixture was stirred
at 0°C for 3 h under an argon atmosphere, and then quenched with addi-
tion of water (5 mL). The resulting aqueous solution was extracted with
ethyl acetate (3x10 mL). The combined extracts were washed with brine
and dried over MgSO,. The solvent was removed under reduced pressure
and the residue was purified by preparative thin-layer chromatography
(hexane/ethyl acetate=7:1) to give the corresponding product 1la
(44.7 mg, 0.131 mmol, 70%). IR (neat): $#=2955, 1738, 1640, 1435,
1258 cm™'; '"H NMR: 6=0.88 (t, J=7.5 Hz, 3H), 1.50-1.64 (m, 1 H), 1.71-
1.82 (m, 1H), 1.89 (dd, J=13.2, 7.5 Hz, 1H), 2.14-2.29 (m, 1H), 2.40 (dq,
J=13.8, 7.5 Hz, 1H), 2.49 (ddd, J=13.5, 8.4, 1.7 Hz, 1H), 2.80-2.93 (m,
1H), 2.93 (dt, J=15.9, 1.5 Hz, 1H), 3.09 (dd, /=159, 1.5 Hz, 1H), 3.75
(s, 3H), 3.77 (s, 3H), 4.70-4.80 (m, 1H), 4.81-4.88 (m, 1H), 5.45 (ddt, /=
17.1, 10.5, 7.5 Hz, 1H), 7.06-7.12 (m, 2H), 7.17-7.25 (m, 1H), 7.26-
7.34ppm (m, 2H); "CNMR (75 MHz): 6=12.4, 29.3, 37.8, 38.3, 38.6,
39.7, 52.67, 52.72, 59.0, 116.0, 126.3, 128.1, 128.3, 136.3, 136.7, 137.1,
142.2, 172.2, 172.3 ppm; HRMS (CI): m/z calcd for C,H,O,: 342.1831
[M]*; found: 342.1831.

Arylative cyclization of 10b (55.8 mg, 0.158 mmol) was carried out ac-
cording to the same procedure mentioned above to give 11b (39.1 mg) as
a mixture of regioisomers. Consecutively, to an oven-dried Schlenk tube
was added [RhCI(PPh;);] (9.1 mg, 9.8 umol, 10 mol %) and a solution of
11b in benzene (4.0 mL). The mixture was degassed using the freeze-
pump-thaw method, and then dihydrogen gas was introduced. After stir-
ring at 50°C for 8 h, the reaction mixture was passed through a celite
pad. The filtrate was evaporated under reduced pressure and the residue
was purified by preparative thin-layer chromatography (hexane/ethyl ace-
tate=5:1) to give the corresponding product 12b (37.6 mg, 0.0939 mmol,
59% (2steps)). IR (neat): #=2928, 1738, 1435, 1256, 1171cm™’;
'HNMR: 0=0.78-1.28 (m, 12H), 0.84 (t, J=6.9 Hz, 3H), 0.87 (t, J=
7.5Hz, 3H), 1.85 (dd, J=13.2, 7.2 Hz, 1H), 2.12-2.28 (m, 1H), 2.40 (dq,
J=13.5,7.5Hz, 1H), 2.53 (ddd, /=132, 7.8, 1.2 Hz, 1H), 2.68-2.80 (m,
1H), 2.94 (dt, J=15.6, 1.5 Hz, 1H), 3.08 (dd, /=15.9, 1.5 Hz, 1H), 3.75
(s, 3H), 3.77 (s, 3H), 7.04-7.11 (m, 2H), 7.15-723 (m, 1H), 7.24-
7.32 ppm (m, 2H); "CNMR (75 MHz): §=12.5, 14.1, 22.6, 26.5, 28.9,
29.0, 29.3, 31.7, 33.8, 38.3, 39.0, 39.9, 52.7, 59.2, 126.1, 128.0, 128.4, 136.4,
137.8, 142.4, 172.3. 172.5 ppm; HRMS (EI): Calcd for C,sH;,O,: 400.2614
[M]*; found: 400.2616
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Abstract: A fluorescent organic small molecule, hexaphenylsilole (HPS), has been

used as a sensing material, while a HPS/polymethyl methacrylate composite film
with a lotus leaf like structure is prepared by a simple electrospin method. The
film shows high stability and excellent sensitivity for the metal ions Fe’* and Hg?*,

Keywords: fluorescence - lumines-
cence - membranes - nanostruc-
tures - sensors

respectively. The special surface morphology containing micro-/nanocomposite
structure is attributed to the exhibition of these unusual properties.

Introduction

Fluorescent sensors are an indispensable tool for monitoring
metal ions in real time and real space at a molecular level
without the requirement of special instrumentation. Such
sensors have found application in many fields, such as medi-
cal diagnostics, environmental control, living cells, and elec-
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tronics."! Although many solid-state (thin film) fluorescent
chemosensory devices are generally reported, most systems
have a limited solid-state application arising from the lack
of reproducible spectroscopic features.*”! Hence, the devel-
opment of optical detectors exhibiting good reproducibility
will facilitate the wider utilization of sensors. Herein,
micro-/nanocomposite films with hydrophobic properties are
introduced as fluorescent detectors. The films are shown to
exhibit an enhanced reproducibility which plays an impor-
tant role for prolonging the life span of fluorescent sensors
in the future.

The electrospinning technique®*'” has been found to be a
unique and cost-effective approach for fabricating large-sur-
face-area membranes for a variety of sensor applications to
improve performance.'' Pyrene-derived nanofibrous
membranes have been successfully prepared as highly sensi-
tive optical sensors for metal ions (Fe** and Hg**).'! Con-
sidering that a small organic molecule of hexaphenylsilole
(HPS) shows a special “aggregation-induced emission”
(AIE) effect in the solid state,'*'"! it was chosen as a fluo-
rescent detector in this work. The micro-/nanocomposite
membranes, which are similar to the lotus leaf surface, were
prepared by the electrospinning method after the addition
of polymethyl methacrylate (PMMA). The HPS/PMMA
composite film shows not only excellent sensitivities for
Fe*" ions, but also highly reproducible fluorescent proper-
ties. All these advantages can be attributed to the lotus leaf
like structure displaying both large specific surface area and
hydrophobic characteristics. The latter may lead to a self-
cleaning effect on the surface, therefore enhancing the re-
producibility of the fluorescent sensor.

WWILEY 2
InterScience’

1041



www.interscience.wiley.com



FULL PAPERS

Results and Discussion

Firstly, HPS (1 wt%) and PMMA (15wt %) dissolved in a
dimethylformamide (DMF) solution were electrospun to
obtain HPS/PMMA films on glass slides. The as-prepared
membranes are uniform and exhibit good adhesion and
structural stability. The scanning electron microscope (SEM)
images of the HPS/PMMA micro-/nanocomposite film are
shown in Figure 1. A web of many sub-micrometer-sized

1pm

Figure 1. a) SEM image of electrospun film; insert: Photograph of water
droplet shape on the electrospun film with a CA of (115+2.6)°; b) SEM
image of the smooth films; insert: Photograph of water droplet shape on
the smooth film with a CA of (74 £1.2)°.

spheres with nanofibers over the whole substrate can be ob-
served in Figure 1a. It shows that in the hierarchical struc-
ture there are many “nanopores”, as well as many nanoscale
protuberances covering each sub-microsphere. The diame-
ters of the sub-microspheres, nanopores, and nanofibers are
about 0.5-2.0 pm, 300-100 nm, and 20-30 nm, respectively.
The formation of these structures would most likely be
caused by the insufficiently fast stretching during the whip-
ping and bending process of the jet during the spraying pro-
cess. These special structures on the film are similar to those
on the lotus leaf surface. The water contact angle (CA) on
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an HPS/PMMA micro-/nanocomposite film is about 115+
2.8° (the shape of a pure water droplet of about 2 uL in
volume is given as the inset in Figure 1a), demonstrating its
hydrophobicity. For comparison, the SEM image of a
smooth HPS/PMMA film obtained by spin coating is shown
in Figure 1b. It can be seen clearly that the smooth film is
featureless since the polymer molecules are kinetically trap-
ped in a disordered state during the spin-coating process.
This smooth HPS/PMMA film is hydrophilic with a CA of
about 74 £1.5°(insert in Figure 1b). The change of the wett-
ability causes the HPS/PMMA micro-/nanocomposite film
to show very good stability as an optical detector for metal
ions arising from its surface hydrophobicity.

The HPS/PMMA micro-/nanocomposite film in solution
can be used to detect several metal ions such as Ni**, Ag*,
Sn4+, Ca2+, Fe3+, K+, Zn2+, Hg2+, Cd2+, Fe”, Cr3+, Cu2+,
and Pb?*. Only additions of Fe** and Hg?* have a signifi-
cant quenching effect on the fluorescence intensity, where a
higher sensitivity for Fe’* compared to Hg** is observed.
The reproducibility of the detector’s fluorescence was inves-
tigated by observing the reversible luminescence transition
of the lotus leaf like films versus the number of 10 mm Fe**
solution/water cycles starting from water. Interestingly, the
lotus leaf like HPS/PMMA composite films demonstrated
reversible luminescence switching. Figure 2 clearly shows
that upon 370 nm light excitation, the lotus leaf like HPS/

1200 -
900 -

600 1

Intensity

300 -

420 480 540 600
Wavelength / nm
Figure 2. Fluorescence emission spectra of HPS/PMMA composite films

in pure water (bright state) and in a 10 mm Fe** solution (dark state)
upon 370 nm light excitation.

PMMA composite films in pure water exhibit a strong blue
green emission with a maximum at 481 nm and a relative in-
tensity of 943, while the film in 10 mm Fe’* solution emitted
weakly with a relative intensity of 37. The light emission is
reversibly switched between bright and dark states by
changing the immersion between pure water and the 10 mm
Fe’* solution without any sign of degradation after 10 re-
peating cycles (Figure 3a). By comparison, for the smooth
HPS/PMMA films, (Figure 3b) the fluorescence intensity
decreases to 70% of the original intensity after the first
cycle and continues to decrease with an increasing number
of repeating cycles. After 10 repeating cycles, the fluores-
cence decreases to 25 % of the original intensity, confirming

Chem. Asian J. 2008, 3, 1041 -1045
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Figure 3. Repeated switching between dark and bright states of the emis-
sion of the as-prepared films against the number of 10 mm Fe* solution—
water cycles starting from water; a) electrospun film. b) smooth film.

the good stability and reproducibility of the lotus leaf like
HPS film. Considering the effect of surface wettability, simi-
lar to the surface of the self-cleaning lotus leaf, the HPS/
PMMA micro-/nanocomposite structure film is hydrophobic,
exhibiting a water contact angle of 11542.8°. After it is
taken out from the Fe’* solution, the Fe** ions can be
washed away very easily arising from the hydrophobic prop-
erty of the surface, and hence accounts for the reproducible
ability to sense the presence of metal ions. However, the
smooth surface of HPS/PMMA is hydrophilic, and the water
contact angle is 74 +1.5°. The Fe®* ions may stay on the sur-
face of the smooth film after it is taken out from the Fe’*
solution and rinsed, which subsequently leads to a reduction
in luminescence following each cycle.

Figure 4a shows the change in fluorescence spectra as a
function of the concentration of ferric ion. It was observed
that the fluorescence intensity decreases with increasing
Fe®* concentration. This decrease in fluorescence intensity
arises from the quenching of the HPS indicator by Fe’*
ions, and the extent of quenching depends on the amount of
Fe**ion present. Similar behavior was also observed for
Hg** ions (Figure 4b).

Theoretically, the quantitative measure of fluorescence
quenching is described by the Stern—Volmer constant, K,
[as shown in Eq. (1)].1%1)

Io/I =1+ K [0] (1)
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Figure 4. Fluorescence emission spectra of the electrospun sensing film
with different concentrations of metal ions. a) Fe’*; b) Hg?*.

I, and [ are the intensities of fluorescence in the absence
and the presence of the quencher, respectively. The value of
Iy/I is proportional to the concentration of the quencher,
[Q]. When all other variables are maintained constant, the
higher the K, value, the lower the concentration of quench-
er required to quench the fluorescence.

The data obtained by performing a Stern—Volmer analysis
for the lotus leaf like and smooth HPS/PMMA films are
shown in Figure 5. For quencher concentrations in the range
of 10~ to 107> m, linear plots of I,/I versus concentration of
quencher are obtained, confirming a Stern—Volmer relation-
ship. Stern-Volmer constants (K) of the lotus leaf like
HPS/PMMA films, calculated from the slopes of the plots,
were found to be 6.21x10°M! and 1.27x10°m™! for Fe’*
and Hg**, respectively, while K, of the smooth films is 2.48
x10°M~! and 0.6x10*m~! for Fe*™ and Hg**, respectively.
The values of the lotus leaf like films are 2 to 3 times great-
er than those of the smooth films.

The quenching efficiency can be defined by K, as in
Equation (2)1%1)

st = kZTl (2)

where 7, is the luminescence decay time of the fluorophore
in the absence of the quencher (1/k;), and k, is the bimolec-
ular quenching rate constant. Therefore, there are two fac-
tors that influence the sensitivity of the quenching process.
One is the luminescence decay time (t;) of the fluorophores.
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Figure 5. Stern—Volmer plots of two kinds of films as a function of differ-
ent quencher concentrations (m lotus-leaf-like structure film for Fe’*, o
smooth film for Fe’*, ¥ lotus-leaf-like structure film for Hg“, vV smooth
film for Hg?*).

The longer the value of 7, the larger the K|, value, which re-
sults in a higher sensitivity. The other involves controlling
the quencher diffusion and separation rate of the fluoro-
phoresby changing the microstructural properties of the
sensing film. The quencher diffusion and separation rate is
related to the surface morphology. The lotus leaf like struc-
ture films with both large specific surface area and hydro-
phobic properties are propitious to the quencher diffusion
and separation, and therefore increase the bimolecular
quenching rate constant k,. Accordingly, the significant en-
hancement of the sensitivities of the sensors mentioned
above is attributed to the higher surface area of the micro-/
nano- hierarchical structure membranes, which is beneficial
for quencher diffusion and separation.

The selection of Fe** and Hg** by the HPS film can be
well understood. Fe**, Hg?*, and Ag* have a higher stan-
dard electrode potential (Fe** 0.77 V, Hg?* 085V, Ag*
0.8 V) than other ions (Ni** —0.25V, Sn** 0.15V, Ca’"
-2.87V, Mg*t -236V, K* -2.93V, Zn** —0.76 V, Cd**
—04V, Fe** —044V, Crt —041V, Cu®t 034V, Pb**
—0.13 V.).Evidently, these three ions are electron-deficient
metal cations, and may quench the fluorescence of electron-
rich molecules such as HPS. However, the steric hindrance
should be considered as an additional factor. Although the
distance between two adjacently chromophoric silole cores
is far from the normal m—m interaction distance (ca.3—4 A),
the twisted arrangements of the peripheral aromatic rings™”
leads to large steric hindrance. Thus, only the cation with a
smaller diameter can get across the hindrance and interact
with HPS to quench its fluorescence. In this case, the diame-
ters of Fe’*, Hg?*, and Ag™ are 1.1, 2.0, and 2.3 A, respec-
tively. Owing to this size effect of metal cations, Fe’* and
Hg**can interact with HPS molecules to different degrees,
and lead to different sensitivities of the HPS films. Ag* can
not penetrate through the steric hindrance freely to ap-
proach the HPS molecules, and therefore is unable to
quench the fluorescence of the HPS film.
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Conclusions

We have successfully developed a lotus leaf like structure
HPS/PMMA composite film with fluorescence-responsive
detection of Fe’* and Hg** using the electrospinning tech-
nique. If compared to smooth films, lotus leaf like structure
HPS/PMMA composite films are hydrophobic, which does
not only enhance sensitivity, but also the reproducible stabil-
ity of the sensors. This may give rise to new perspectives in
practical applications. Furthermore, this study suggests that
HPS and other siloles have a promising future in sensitive
detection. The present findings should open the way for the
development of sensitive detection of organic small mole-
cules .

Experimental Section

Sample Preparation: 1,1,2,3,4,5-hexaphenylsilole (HPS) was synthesized
according to the literature,”?? and its chemical structure is shown in
Scheme 1. Polymethyl methacrylate (1.77 g) and HPS (0.119 g) were

OO0
QO

Scheme 1. Chemical strucure of 1,1,2,3,4,5-hexaphenylsilole (HPS).

added to DMF (10 g) with stirring at room temperature for 12 h to form
a solution of 15 wt % PMMA and 1 wt% HPS. The electrospinning solu-
tion was loaded into a 2-mL hypodermic syringe perpendicular to a 0.5-
mm-diameter stainless steel needle. The positive electrode of a high-volt-
age power supply was placed onto the tip of the needle. The negative
electrode was connected to a metallic collector wrapped in aluminum
foil, which served as the counterelectrode. The working distance (WD)
between the tip and collector was 14 cm. A voltage of 17 kV was applied,
and composite films were collected on the cleaned glass substrates placed
on the surface of the aluminum foil. For comparison, smooth films were
fabricated by spin coating onto the freshly cleaned substrates at 1000 rpm
for 15 s. Water was purified using a Milli-Q purification system (Millipore
Corp., Bedford, MA) with a resistivity of 18 MQ cm.

Sample Characterization: Morphology of the films was investigated using
a JEOL JSM-6700F SEM at 3.0 kV. UV/Vis absorption spectra were re-
corded on a UV-3100. The fluorescence spectra were measured by a Hi-
tachi F-4500 fluorescence spectrophotometer. CAs were measured on a
Dataphysics OCA20 CA system at ambient temperature. The average
CA value was obtained by measuring more than five different positions
for the same sample.
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