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Abstract: The Mitsunobu reaction is a widely used and
versatile method for the dehydrative oxidation–reduction
condensation of an acid/pronucleophile usually with a pri-
mary or secondary alcohol that requires the combination
of a reducing phosphine reagent together with an oxidiz-
ing azo reagent. The utility of this reaction stems from the
fact that it is generally highly stereoselective and occurs
with inversion of the stereochemical configuration of the
alcohol starting material. Furthermore, as carboxylic


acids, phenols, imides, sulfonamides, and other compounds
can be used as the acid/pronucleophile, this reaction is
useful for the preparation of a wide variety of functional
groups. This Focus Review of the Mitsunobu reaction
summarizes its origins, the current understanding of its
mechanism, and recent improvements and applications.


Keywords: azo compounds · condensation · Mitsunobu
reaction · oxidation–reduction · phosphines


1. Introduction


The Mitsunobu reaction is a versatile and widely used
method for the dehydrative coupling of an alcohol with an
acid/pronucleophile by using a combination of an oxidizing
azo reagent, most commonly diethyl azodicarboxylate
(DEAD), and a reducing phosphine reagent, usually tri-
ACHTUNGTRENNUNGphenylphosphine (TPP), under mild and virtually neutral re-
action conditions [Eq. (1)].[1–11] Carboxylic acids, phenols,


diols, activated carbon acids, imides, and the like can all
serve as the acid/pronucleophile reaction component. Thus,
this reaction can be used to prepare esters, aryl ethers, cyclic
ethers, carbon–carbon and carbon–nitrogen bonds, and so
on. Besides the desired coupled product, a hydrazide such
as diethyl hydrazinedicarboxylate (DEAD-H2) from DEAD
and a phosphine oxide such as triphenylphosphine oxide
(TPPO) from TPP are also formed as by-products.


This Focus Review will concentrate on four aspects of the
Mitsunobu reaction: 1) its early development by the late


Professor Oyo Mitsunobu, 2) the current understanding of
its mechanism, 3) the recent development of alternative re-
agents and improved experimental procedures, and 4) acid/
pronucleophile choice and representative applications in the
synthesis of complex organic molecules. Owing to the
nature of Focus Reviews, this manuscript is not meant to be
a comprehensive and definitive treatise on the Mitsunobu
reaction, and several very thorough reviews have appeared
over the years.[1–6] Specialized reviews have also been pub-
lished concerning the use of modified reagents and tech-
niques in the Mitsunobu reaction,[8,9] its use in amino acid
and peptide chemistry,[10] and in macrolactonizations applied
to the synthesis of natural products.[11] A review of the use
of hindered secondary alcohol substrates has also ap-
peared.[12]


2. The Early Years: Oyo Mitsunobu


Professor Oyo Mitsunobu first described his eponymous re-
action in its currently most recognizable form [Eq. (1)] in
1967.[13] However, this new reaction was undoubtedly in-
spired by MitsunobuAs previous observation, as a student
with Prof. Teruaki Mukaiyama, of the synthesis of allyl
phenyl ether from the reaction of phenol with allyl diethyl
phosphite and DEAD [Eq. (2)],[14] as well as contemporary
research by the Mukaiyama group into oxidation–reduction
condensation reactions.[15] In the original publication, the
first reaction reported was that of n-valeric acid with allyl
diethyl phosphite and DEAD to produce allyl valerate and
diethyl N-(diethyl)phosphoryl hydrazodicarboxylate
[Eq. (3)]. This was followed by reactions of benzoic acid
with alcohols in the presence of DEAD and TPP that result-
ed in the formation of the corresponding esters in excellent
yields [Eq. (4)].
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The current ubiquity of the Mitsunobu reaction in organic
synthesis is due in large part to the fact that the coupling of
the acid/pronucleophile and alcohol starting materials nor-
mally occurs with inversion of the stereochemical configura-
tion of the carbinol center [Eq. (1)]. This stereochemical
outcome was first observed by Mitsunobu and Eguchi in the
reaction of enantiomerically enriched 2-octanol with benzoic
acid [Eq. (5)].[16]


Other important reports by Mitsunobu with regard to the
reaction named after him include: 1) the use of 4-nitroben-
zoic acid (4-NBA) for reactions with sterically hindered al-
cohols [Eq. (6)],[17] 2) the use of phthalimide as the acid/pro-
nucleophile coupling component for the synthesis of amines
from alcohols [Eq. (7)],[18,19] 3) intramolecular versions
(Equations (8) and (9)),[20, 21] 4) selectivity for reaction at the
primary alcohol center over the secondary in a diol
[Eq. (10)],[22] and 5) the use of activated methylene groups
as carbon acids (Equations (9) and (11)).[23]
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Furthermore, Mitsunobu also used the reagent combina-
tion of DEAD and TPP to convert thioureas into carbodi-
ACHTUNGTRENNUNGimides [Eq. (12)],[24, 25] thioamides into ketenimines
[Eq. (13)],[26] and thiols into disulfides [Eq. (14)].[27] The de-
tails of the mechanism of this last reaction were not report-
ed; however, the function of TPP there was found to be
only catalytic, as it was indeed necessary but was unchanged
at the end of the reaction.


3. The Mechanism


Owing to the importance and widespread use of the Mitsu-
nobu reaction, the details of its mechanism have been
widely studied by a variety of methods.[28–49] The current


generally accepted mechanism with DEAD and TPP as rep-
resentative reagents that can account for all the experimen-
tally observed outcomes is outlined in Scheme 1.[49] The first
step in the Mitsunobu reaction is nucleophilic addition of
TPP to DEAD to form the Morrison–Brunn–Huisgen be-
taine (1).[50–52] This reactive intermediate can then either
react with two molecules of the alcohol to produce eventual-
ly DEAD-H2, alkoxyphosponium species 2, and carboxylate/
nucleophile 3 (path a), or it can deprotonate the acid/pronu-
cleophile to form eventually, again, DEAD-H2, 2, and 3
(path b). Nucleophilic displacement of TPPO from 2 by 3
completes the reaction to form the coupled product 4 that
has inverted stereochemistry relative to the alcohol starting
material. It was shown that 2 is in equilibrium with the cor-
responding acyloxyphosphonium species 5,[29,32,37] and this
species can, in rare cases, lead to coupled product 6, which
retains the original alcohol stereochemistry, and anhydride
formation. The position of this equilibrium is possibly medi-
ated by DEAD-H2 and is dependent upon the pKa of the
acid/pronucleophile, with 2 favored by more-acidic com-
pounds.[42,43] Furthermore, it was proposed[42] and supported
by experimental evidence[46–48] that, in some cases, 5 can be
formed first and then converted into 2. This may explain
why, when some very sterically hindered secondary alcohols
are used as reaction substrates, they can favor the formation
of 6, as conversion of 5 into 2 can be sensitive to steric con-
straints.[53–55] Regardless of the details and complexity of this
mechanism, formation of 2 is greatly favored to a large
extent in most applications of the Mitsunobu reaction, and
inversion of stereochemistry is reliably observed. The cases
in which 5 is favored and retention of configuration is ob-
served are very rare. Most recently, density functional inves-
tigations into the Mitsunobu reaction with PH3 and dimethyl
azodicarboxylate as the reducing and oxidizing reagents, re-
spectively, indicate that the mechanism may actually be
even more complex, with multiple additional competing
equilibria.[49] This particular manuscript is highly recom-
mended reading material as it contains the most up-to-date
and detailed discussion regarding the mechanistic details of
the Mitsunobu reaction as well as an excellent summary of
the various factors that influence the numerous equilibria in-
volved, and accounts for many of the reported anomalous
results.


4. New Reagents and Procedures


One major drawback of the Mitsunobu reaction is that, be-
sides the two reactants, it requires the use of stoichiometric
quantities of two other reagents that each produces a by-
product. Thus, even in reactions that are relatively efficient
and afford a high yield of the desired product, this product
can be difficult to isolate from the reaction mixture, which
can contain excess/unreacted reagents and starting materials
in addition to the two by-products. Therefore, much re-
search has been directed towards developing alternatives to
DEAD and TPP that facilitate purification of the desired
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product. These efforts were recently reviewed,[8,9] and we
highlight herein work that has been subsequently reported.


The ferrocenyl-tagged triphenylphosphine reagent 7 has
been used together with di-tert-butyl azodicarboxylate (8) in
Mitsunobu reactions that do not require chromatographic
purification of the desired product (Scheme 2).[56] The ferro-
cenyl group serves as a redox-switchable phase tag as it can
be readily oxidized by FeCl3 to a cation that is insoluble in
nonpolar solvents. After the Mitsunobu reaction with 7,
FeCl3 was added, and the cationic tagged phosphine species
(7+ and 9) thus formed were extracted with water. This was
followed by treatment with HCl to decompose any residual
reagent 8 and its reduced by-product 10. Such sequential
treatments allowed for direct isolation of the desired prod-


uct in essentially quantitative
yield with high purity (general-
ly >90%). Furthermore, it was
reported that reagent 7 could
be regenerated by sequential
reduction of 9 with Na2S2O3


and HSiCl3.
Another alternative to the


azo reagent DEAD was re-
cently described.[57] Di-4-chlo-
ACHTUNGTRENNUNGrobenzyl azodicarboxylate (11)
was easily prepared in three
steps by: 1) mixing 4-chloro-
benzyl alcohol with 1,1’-car-
bonyldiimidazole, 2) reacting
the resulting carbamate 12
with hydrazine to form 13, and
3) oxidation of the hydrazide
13 with N-bromosuccinimide
(NBS) (Scheme 3). Compari-
son of 11 to DEAD in a wide
range of Mitsunobu reactions
showed them to be equally ef-
ficient reagents. The reported
advantages of 11 over DEAD
are that it is a stable solid at
room temperature and the re-


tention of its by-product 13 on silica gel is distinctly differ-
ent from that of DEAD-H2. Furthermore, 13 can be mostly
removed from the desired reaction product simply by pre-
cipitation with CH2Cl2.


Curran and co-workers reported a series of tagged azo re-
agents, including a pair of reagents tagged with cyclodex-
trin-binding adamantyl groups: bis(1-adamantylmethyl) azo-
dicarboxylate (14) and bis(2-(1-adamantyl)ethyl) azodicar-
boxyalte (15) (Scheme 4).[58] These reagents and their corre-
sponding reduced products were found to have significantly
longer retention times on cyclodextrin-bonded silica gel
than typical Mitsunobu reaction products. Thus, they and
their by-products can be easily separated from the desired
coupled product.


Two second-generation fluo-
rous azo reagents, 16 and 17,
were also reported
(Scheme 5).[59] First-generation
reagent 18 was found to be not
very good for use in Mitsunobu
reactions that involve sterically
hindered alcohols and/or less
acidic acids/pronucleophiles. It
was found that the additional
methylene groups separating
the fluorous tails and the azo
groups of 16 and 17 allowed
them to be much more useful
in such Mitsunobu reactions.
For example, the coupling re-


Scheme 1. Current understanding of the mechanism of the Mitsunobu reaction as presented in reference [49].


Scheme 2. Mitsunobu reaction with ferrocenyl-tagged phosphine reagent 7.
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action of 4-(4-nitrophenyl)butyric acid with 3,3-dimethylbu-
tanol in the presence of 16, 17, or 18 afforded the desired
product 19 in 99, 92, and 0% yield, respectively, when fluo-


rous phosphine reagent 20 was used as the reducing reagent.
It was suggested that 16 is the reagent of choice when prod-
uct purification is to be achieved by medium-pressure fluo-
rous chromatography, and that 20 should be used when fluo-
rous solid-phase extraction is used. Most recently, a comple-
mentary methodology for liquid–liquid extraction was re-
ported for the purification of products of fluorous Mitsuno-
bu reactions with such tagged reagents.[60]


In another example of the simultaneous use of tagged re-
agents in Mitsunobu reactions, phosphonium salts were used
to control reagent solubility and thereby facilitate product
isolation.[61] Tetraarylphosphonium perchlorate and hexa-
fluorophosphate salts are rather insoluble in diethyl ether,
and this property allows them to be efficiently precipitated
from reaction mixtures in more-polar solvents such as di-
chloromethane by the addition of these solvents. To demon-
strate the utility of such salts in facilitating product purifica-
tion, reagents 21 and 22 were prepared and used simultane-
ously in Mitsunobu reactions (Scheme 6). At the end of the


reactions, diethyl ether was added to precipitate all of the
phosphonium salt species. Subsequent filtration and concen-
tration afforded the pure product. This reaction system is
particularly efficient as only 1.5 equivalents of both 21 and
22 were necessary to achieve a high yield of 23. Interesting-
ly, isomeric reagent 24 was reported to be substantially less
reactive in these reactions than 21.


The simultaneous use of two polymer-supported ana-
logues of DEAD and TPP in Mitsunobu reactions has been
reported.[62] Reagents 25 and 26, derived from ring-opening
metathesis polymerization (ROMP), were prepared from
the corresponding norbornene monomers (Scheme 7). These
could be used together in Mitsunobu reactions to form the
required betaine reactive species owing to their solubility in
THF, and could be removed from the reaction mixture
based on their insolubility in EtOAc. For example, the reac-
tion between 4-NBA and 3-phenylpropanol produced the
desired ester in high yield when 2 equivalents of both 25
and 26 were used. At the end of the reaction, excess 25 and
26 and the polymer-bound by-products were removed by


Scheme 3. Synthesis of DEAD analogue 11.


Scheme 4. Azo reagents tagged with cyclodextrin-binding groups.


Scheme 5. Mitsunobu reactions with fluorous reagents.


Scheme 6. Phosphonium ion tagged reagents.
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precipitation and filtration. Notably, although many exam-
ples of the use of insoluble polymer-supported phosphines
or azo reagents in Mitsunobu reactions have been previously
reported, their heterogeneous nature precludes the use of
such reagents together. Such multipolymer Mitsunobu reac-
tions are only possible when at least one of the polymer-sup-
ported reagents is present as part of the homogeneous reac-
tion mixture.


In a similar manner, soluble and highly loaded polyglycer-
ol-supported reagents 27 and 28 were reported to be used si-
multaneously in Mitsunobu reactions (Scheme 8).[63] The


polyglycerol support material was prepared by the anionic
polymerization of glycidol and has a dendritic structure. In
the reported Mitsunobu reactions with these reagents, all
polymeric reagents and by-products were removed by a
simple precipitation/filtration procedure to afford chroma-
tography-free products of high purity.


Tsunoda and co-workers recently published the details of
the preparation and handling of their previously reported
reagents cyanomethylenetrimethylphosphorane (29)[64] and
cyanomethylenetributylphosphorane (30),[65] which can
effect Mitsunobu reactions on their own (Scheme 9). Re-
agents 29 and 30 were synthesized in two steps from chlo-
ACHTUNGTRENNUNGroacetonitrile and the appropriate trialkylphosphine, and
are useful for performing Mitsunobu reactions in which the


acid/pronucleophile starting material has pKa>13. Further-
more, 29 and 30 are reportedly the only reagents that can be
effectively applied in the Mitsunobu reaction of N-unsubsti-
tuted sulfonamides such as p-toluenesulfonamide. Reagents
29 and 30 are very sensitive to both air and moisture; thus,
they should be stored and used with great care.


In work related to the Mitsunobu reaction, Mukaiyama
et al. continued their research into oxidation–reduction con-
densation reactions and recently reported the use of substi-
tuted quinone 31 as the oxidant in such reactions
(Scheme 10).[66] In these reactions, an alkoxydiphenylphos-
phine generated in situ reacts with a carboxylic acid in the
presence of 31 to afford an ester with inverted alcohol ste-
reochemistry under neutral conditions. This substitution re-
action proceeds even when a tertiary alcohol is used. Fur-
thermore, when an alcohol is used in place of the carboxylic
acid, an ether is formed.[67]


Recently, focus has shifted away from the development of
alternative reagents for the facilitation of the purification of
Mitsunobu reaction products towards the identification of
new reaction procedures and workup protocols that achieve
the same result. This is probably due to the fact that most of
the alternative reagents reported in the literature are not
commercially available and require multistep synthetic se-
quences for their preparation. In this regard, it was reported


Scheme 7. Synthesis of ROMP-derived polymer-supported reagents. Cy=cyclohexyl, DMAP=4-dimethylaminopyridine, Mes=mesityl, Pyr=pyridyl.


Scheme 8. Polyglycerol (PG)-supported reagents.


Scheme 9. Synthesis and use of ylides 29 and 30.
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that pure Mitsunobu reaction products can be obtained by,
first, washing of the crude reaction mixture with a solution
of hydrogen peroxide of 15% by weight, followed by addi-
tion of aqueous sodium sulfite (to reduce any residual per-
oxides), and then filtration through silica gel.[68] The oxida-
tive washing converts any residual phosphine into the corre-
sponding oxide, which is highly polar. With this protocol,
pure product was obtained in 96% yield from the reaction
of N-hydroxyphthalimide with prenyl alcohol on the 20-g
scale.


The first version of the Mitsunobu reaction that is catalyt-
ic in the oxidant (DEAD) has been reported.[69] This reac-
tion system utilizes iodosobenzene diacetate (32) as the stoi-
chiometric oxidant, which reduces the role of DEAD to that
of a catalyst (Scheme 11). In this way, product purification is
facilitated by the reduction of the required quantity of a re-
agent that produces a by-product that is difficult to remove.
For example, the reaction of 4-NBA and 2-phenylethanol
with 0.1 equivalents of DEAD and 2 equivalents of both
TPP and 32 provided the desired product 33 in 90% yield.


To date, no version of the Mitsunobu reaction that is catalyt-
ic in either TPP or a surrogate for the reducing phosphine
reagent has been reported, and the development of such a
reaction system remains one of the key challenges in this
field.


5. Acid/Pronucleophile Choice


When stereochemical inversion of a carbinol center, espe-
cially of a sterically hindered one, is the aim of the Mitsuno-
bu reaction, 4-NBA is generally the acid of choice, and the
reports by Martin and Dodge[70] and Dodge et al.[71] are
most often cited for its use. However, these were not the
first reports of the advantages of 4-NBA over benzoic acid.
As previously mentioned, Mitsunobu et al. were the first to
do so in reactions of 4-NBA with sterically hindered alco-
hols,[17] and this was followed up by others.[72] Perhaps the
most thorough examination of acid choice in Mitsunobu re-
actions that involve the stereochemical inversion of sterical-
ly hindered alcohols was reported by Dodge et al.[73] In this
study, they treated a variety of substituted benzoic acids
with menthol in several solvents and compared the product
yields [Eq. (15)]. They found that there was a correlation


between the pKa of the carboxylic acid used and the product
yield, and that the use of 4-NBA in either benzene or THF
was optimal. If a crystalline product with inverted stereo-
chemistry is desired, 3,5-dinitrobenzoic acid is often
used.[74,75] Interestingly, the use of 3,5-dinitrobenzoic acid
was not examined in the study by Dodge et al.,[73] even
though its use had been reported long before their study
was undertaken. It was also reported that chloroacetic acid
is useful in the transformation of sterically congested alco-
hols.[76]


As mentioned at the beginning of this Focus Review, a
great variety of functional groups other than carboxylic
acids can serve as the acid/pronucleophile reaction compo-
nent in Mitsunobu reactions. As many of these have been
summarized in previous reviews, included herein are a few
examples that were reported relatively recently. Additional-
ly, several other acid/pronucleophile groups are discussed
later in the context of the synthesis of complex molecules.


Fukuyama et al. reported the use of 2- and 4-nitroben-
ACHTUNGTRENNUNGzenesulfonamides[77] and 2,4-dinitrobenzenesulfonamides[78]


as pronucleophiles in what are often referred to as Fukuya-
ma–Mitsunobu reactions, which eventually lead to the syn-
thesis of secondary amines [Eq. (16)]. These sulfonamides
were used as pronucleophiles as the sulfonamide portion is
readily removed via the corresponding Meisenheimer com-
plexes by treatment with thiolates.


Scheme 10. Oxidation–reduction condensation reactions with 31.


Scheme 11. Catalytic cycle of a Mitsunobu reaction system catalytic in
DEAD.
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For the synthesis of aminooxy acids from appropriately
protected hydroxy acids by using the Mitsunobu reaction,
N-hydroxyphthalimide is the pronucleophile of choice
(Equation (17); Bn=benzyl, DIAD=diisopropyl azodicar-


boxylate).[79,80] Tosyl and tert-butoxycarbonyl (Boc) hydra-
zones are also suitable acid/pronucleophile components in
Mitsunobu reactions, with the latter requiring electron-with-
drawing substituents on the aryl ring (Equations (18) and
(19); EWG=electron-withdrawing group).[81]


6. Representative Recent Synthetic Applications


We conclude this Focus Review by presenting some recent
examples of the application of the Mitsunobu reaction to
the synthesis of complex molecules, both natural and non-
ACHTUNGTRENNUNGnatural, that showcase how it is currently being applied in
modern organic synthesis. Several examples in which unex-
pected observations were made are highlighted here to
show that, even with a reaction as well-known and widely
practiced as the Mitsunobu reaction, surprises do sometimes,
even if only rarely, occur.


As mentioned previously, one of the key features of the
Mitsunobu reaction is that it normally proceeds with inver-


sion of the stereochemical configuration of the carbinol
center. However, Ahn and DeShong reported that with
some sterically hindered alcohols, such as 34, intramolecular
lactonization with the Mitsunobu reaction afforded mainly
products with retention of configuration, such as 35
(Scheme 12).[53] As discussed previously, the Mitsunobu re-


action proceeds through an equilibrium between an alkoxy-
phosphonium salt and an acyloxyphosphonium salt (2 and 5
in Scheme 1). It was proposed that if the hydroxy group is
not sterically hindered, the alkoxyphosphonium salt is fa-
vored, and nucleophilic displacement of TPPO by the car-
boxylate group results in inversion of configuration. On the
other hand, if the hydroxy group is sterically hindered, the
acyloxyphosphonium salt is favored, and acyl transfer results
in retention of configuration.[46]


(+)-Dactylolide and (+)-zampanolide are macrolides that
inhibit tumor cell growth, and in their unified total syntheses
of these natural products, Smith et al. reported an example
of an intemolecular Mitsunobu reaction that also proceeded
with retention of configuration (Scheme 13).[54] Attempts to
invert the stereochemistry of hindered secondary alcohol 36
while esterifying it with diethylphosphonoacetic acid afford-
ed only the ester product 37 with unchanged stereochemis-


Scheme 12. Retention of configuration in an intramolecular Mitsunobu
reaction.


Scheme 13. Retention of configuration in an intermolecular Mitsunobu
reaction. PMB=p-methoxybenzyl, TBS= tert-butyldimethylsilyl.
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try. It was postulated that this could be due to either the
failure of 1 to activate the alcohol and form an alkoxyphos-
phonium intermediate owing to steric inaccessibility, or to
formation of an oxonium intermediate followed by ring
opening by the carboxylate. However, the latter possibility
was discounted owing to the level of regioselectivity neces-
sary to account for the observed product.


Another case of an intramolecular Mitsunobu reaction
that afforded a product lactone with retained stereochemical
configuration was reported by De Brabander and co-work-
ers in their studies on the synthesis of peloruside A.[55] They
found that two diastereomeric advanced intermediates, 38
and 39, afforded the same lactone product 40 when they
were treated under Mitsunobu reaction conditions either in-
dividually or as a mixture (Scheme 14). They speculated
that geometrical and/or conformational constraints prevent
the diastereomers from reacting in the same manner, and
that 38 must form alkoxyphosphonium intermediate 41,
whereas 39 must form acyloxyphosphonium intermediate 42,
in order for the observed product to be formed.


In the final example presented herein of a Mitsunobu re-
action that provided results that might not have been ex-
pected, Shi et al. reported the inversion of the configuration
of ester-group-activated chiral tertiary alcohol 43 when it
was treated with phenols in the presence of TPP and DIAD
(Scheme 15).[82] Whereas Mitsunobu reactions between terti-
ary alcohols and phenols have previously been described in
the literature, this was the first time an SN2 displacement oc-
curred cleanly to provide the product, aryl alkyl ether 44. In
these reactions, sensitivity to the steric environment of the
chiral alcohol was observed.


An example that shows the importance of the steric envi-
ronment of the reacting alcohol in the Mitsunobu reaction is


displayed in the synthesis of the shark repellent pavoninin-4
by Williams et al.[83] A key step in this synthesis is the con-
version of steroidal triol 45 into dibenzoate 46 by using
DIAD, TPP, and benzoic acid (Scheme 16). This reaction is
selective and afforded the desired product in 85% yield


Scheme 14. Synthesis of peloruside A. MOM=methoxymethyl, TES= triethylsilyl.


Scheme 15. Inversion of tertiary-alcohol stereochemistry.


Scheme 16. Synthesis of pavoninin-4. Bz=benzoyl.
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with stereochemical inversion of the less sterically hindered
secondary alcohol. The more sterically hindered secondary
hydroxy group remained unchanged.


In their synthesis of the proposed structure of batzella-
ACHTUNGTRENNUNGdine F, Cohen and Overman used the Mitsunobu reaction in
two steps that required inversion of stereochemistry
(Scheme 17).[84] In the first reaction, monoprotected diol 47


was treated with hydrazoic acid to install the azide group in
48. This was followed by methanolysis of the azido ester
thus formed and Mitsunobu reaction of the product alcohol
with 4-NBA to afford aryl ester 49 with the desired 1,3-anti
configuration.


Other recent examples of the Mitsunobu reaction of a
chiral secondary alcohol with 4-NBA for the sole purpose of
inversion of configuration were reported in the syntheses of
mycalamide A[85] and murisolin (Scheme 18).[86] In these syn-
theses, chiral secondary alcohols 50 and 51 were converted
into their corresponding epimers 52 and 53 through a two-
step esterification/hydrolysis sequence in 81 and 85% over-
all yield, respectively.


In their synthesis of 1-azafenestranes, Denmark et al. used
an intramolecular Mitsunobu reaction in which the amine
group of 54 served as the pronucleophile for the formation
of a strained azetidine ring of a c,c,c,c-[4,5,5,5]-1-azafenes-
trane (Scheme 19).[87] The tetracyclic product was purified as
its borane adduct 55, which was characterized by X-ray crys-
tallographic analysis.


An intramolecular Mitsunobu macrolactonization was
successfully employed in the total synthesis of (+)-tedano-
lide.[88] In this synthesis, deprotection of seco-acid allyl ester
56 by palladium catalysis was followed immediately by treat-
ment with TPP and DEAD to afford desired macrolactone


57 in 66% yield (Scheme 20). The authors noted that this
methodology afforded a higher yield than other macrolacto-
nization techniques such as the Keck–Boden protocol or Ya-
maguchi esterification.


In the Li and OADoherty synthesis of milbemycin b3, the
Mitsunobu reaction was used to install the p-methoxyphenyl
protecting group of important early intermediate 58 and for
the macrolactonization step (Scheme 21).[89] The protection
of 5-hexyn-1-ol as the corresponding p-methoxyphenyl ether
was part of their synthesis of an alkynoate fragment that
was rearranged to the corresponding E,E diene. In the
ACHTUNGTRENNUNGpenultimate step of the synthesis, TPP/DIAD-mediated
macrolactonization of 59 afforded the macrocycle in 79%
yield.


Scheme 17. Synthesis of the proposed structure of batzelladine F.


Scheme 18. Synthesis of mycalamide A and murisolin.


Scheme 19. Synthesis of 1-azafenestrane 55.
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The Mitsunobu reaction was used in a synthesis of dacty-
lolide that was reported by McLeod and co-workers.[90] In
the late stages of their synthesis of (�)-dactylolide, tetrahy-
dropyran fragment 60, which contains a secondary alcohol,
was treated with a trienoic acid to form ester 61 with inver-
sion of configuration (Scheme 22). This was followed by
ring-closing metathesis to construct the macrocycle and a
deprotection/oxidation sequence to afford the target com-
pound. It is interesting to compare the successful esterifica-
tion accompanied by inversion of configuration in this syn-


thesis with the anomalous esterification previously discussed
for the synthesis of dactylolide by Smith et al.[54]


In the synthesis of (�)-spongidepsin by Cossy and co-
workers, the Mitsunobu reaction was used to couple chiral
secondary alcohol fragment 62 with N-Boc-protected (S)-N-
methylphenylalanine, with inversion of configuration, to
afford 63 (Scheme 23).[91] The authors reported that 63 was
accompanied by “minor isomers” and that it could be puri-
fied by silica-gel chromatography.


Fukuyama and co-workers showed the synthetic versatili-
ty of the Mitsunobu reaction in their synthesis of (� )-mor-
phine (Scheme 24).[92] First, it was used to invert the stereo-
chemistry of the hydroxy group in 64. Subsequent removal
of the TBS protecting group afforded 65, which was subject-
ed to a second Mitsunobu reaction to convert the exposed
hydroxy group into the homologated nitrile group in 66 by
reaction with acetone cyanohydrin, DEAD, and TPP.


In the synthesis of phoslactomycin B by Kobayashi and
co-workers, the Mitsunobu reaction was used to convert the
hydroxy group of advanced intermediate 67 into the corre-


Scheme 20. Synthesis of (+)-tedanolide.


Scheme 21. Synthesis of milbemycin b3.


Scheme 22. Synthesis of (�)-dactylolide.


Scheme 23. Synthesis of (�)-spongidepsin. TBDPS= tert-butyldiphenylsi-
ACHTUNGTRENNUNGlyl.
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sponding amine (Scheme 25).[93] In this case, diallyl imidodi-
carbonate was chosen as the nitrogen-containing pronucleo-
phile to afford 68, so that final global deprotection could be


achieved by palladium-catalyzed deallylation in the presence
of tributyltin hydride.


In their synthesis of clavizepine analogues, Dominguez
and co-workers used an N-trifluoromethanesulfonamide
pronucleophile to introduce an amine group (Scheme 26).[94]


Hydroxymethylxanthene 69 was coupled with N-(dimeth-
ACHTUNGTRENNUNGoxyethyl)trifluoromethanesulfonamide under standard Mit-
sunobu reaction conditions to give desired nitrogenated
product 70 in high yield.


In their convergent synthesis of carbocyclic nucleoside an-
alogues, Ludek and Meier used the Mitsunobu reaction to
add a thymine derivative to chiral substituted cyclopentanol
71 (Scheme 27).[95] This route to such medicinally important


compounds is much shorter than the linear strategy normal-
ly used for their construction. Furthermore, the effect of the
protecting group at N3 of the pronucleophile on the ratio of
N1 versus O2 alkylation (72 versus 73) was studied, and
good selectivity for either reaction was found depending on
the structure of the N3 protecting group.


An intramolecular Fukuyama–Mitsunobu reaction was re-
ported in the solid-phase synthesis of resin-bound N-nitro-
benzenesulfonyl-activated piperazine-2-carboxylic acid de-
rivatives such as 74 by Olsen et al. (Scheme 28).[96] By using
this methodology, a variety of enantiopure piperazinecar-


Scheme 24. Synthesis of morphine. CSA=camphor-10-sulfonic acid.


Scheme 25. Synthesis of phoslactomycin B. TMS= trimethylsilyl.


Scheme 26. Synthesis of clavizepine analogues. Tf= trifluoromethanesul-
fonyl.


Scheme 27. Synthesis of carbocyclic nucleoside analogues.


Scheme 28. Solid-phase intramolecular Fukuyama–Mitsunobu cyclization
reactions. Ns=nitrobenzenesulfonyl, TFA= trifluoroacetic acid, Trt=
trityl.
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boxylic acid derivatives, such as 75, were synthesized in
good yield.


The Kocienski–Julia coupling reaction is an important
method for the formation of carbon–carbon double bonds
and requires the introduction of a 1-phenyl-1H-tetrazole-5-
sulfide group. In this context, many examples have appeared
in the recent literature in which the Mitsunobu reaction is
used to couple an alcohol with 1-phenyl-1H-tetrazole-5-thiol
(Scheme 29). Subsequent oxidation of the resulting sulphide
moiety completes the installation of the necessary N-phenyl-
sulfonyltetrazole group. This methodology was used in the
synthesis by Curran et al. of a library of murisolin isomers
by using fluorous phase-separation technology (76!77)[97]


and in a synthesis of cylindramide by Laschat and co-work-
ers (78!79).[98]


The final example in this Focus Review demonstrates how
nucleoside phosphorothioate diesters, such as 80, can be
converted into their corresponding dithymidine phosphoro-
thioates, such as 81, by using the Mitsunobu reaction
(Scheme 30).[99]


7. Summary and Outlook


Since it was first reported in 1967, the Mitsunobu reaction
has been extensively applied in a wide range of organic-syn-


thesis contexts and in the pro-
cess has become one of the
most well-known reactions in
organic chemistry. However,
despite its long history and
common use, research into
new variations and the study of
its mechanism continue to this
day. It is expected that in the
future, such research will in-
crease our understanding of
this workhorse reaction, and
that improved versions and un-
precedented applications will
appear and thus broaden its
utility.
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Introduction


The sulfide centers of [Pt2 ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] (1) have a rich his-
tory in metalation chemistry.[1] Recent investigations have
explored the functionalization of the nucleophilic sulfide
with organic electrophiles as a simple way of constructing
binuclear platinum complexes with novel thiolate bridges.[2]


The functionalization of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(P-P)2] (P-P=25mono-
phosphine or diphosphine) complexes with organic electro-
philes has seen a recent surge of interest.[2–3] It also prompt-
ed Gonz7lez-Duarte et al. to carry out a theoretical study on
the reaction mechanism that underlies the reactivity of [Pt2-
(m-S)2 ACHTUNGTRENNUNG(P-P)2] with organic dihalides.[4] The first successful
isolation of binuclear platinum complexes that contain het-
erogeneous thiolate bridges,[5] [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]


2+


(2), marked a milestone in the alkylation chemistry of [Pt2-
(m-S)2 ACHTUNGTRENNUNG(P-P)2] complexes since dialkylation, in particular, het-
erodialkylation, which has proved to be challenging. These
complexes are rare, although a large number of d8 doubly
bridging thiolate complexes of the type [M2ACHTUNGTRENNUNG(m-SR)2L4]


n+ are
known.[6–7] Notably, heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(PPh3)4]


+ (3) has been limited to methylation (to give
SCH3) at the unsubstituted sulfide by using a powerful al-
ACHTUNGTRENNUNGkylating agent (dimethyl sulfate) that is able to overcome
the positive charge of the initially formed monocationic spe-


cies 3. The deactivation of the free sulfide in 3 imposed by
the positive charge makes further alkylation difficult, even
in a large excess of halide.[2]


The methylation of [Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(PPh3)4]
+ (3) repre-


sents the simplest heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-S)2 ACHTUNGTRENNUNG(PPh3)4]
(1). By adopting a sequential alkylation of 1 with monoha-
lides, RX, followed by methylation with dimethyl sulfate,
novel diplatinum complexes with two different thiolate
bridges, [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]


2+ (2), are readily ob-
tained.[5] Related analogues with two chemically identical
SR thiolate bridges are much more commonly found for
Pt,[6] Fe,[8] and so on. Very recently, Ni complexes with two
different thiolate bridges were synthesized from two types
of potassium salt of the thiols, SiPr or StBu and methylthio-
ACHTUNGTRENNUNGethanethiolate (mtet).[9] The hexanuclear cyclo-[{Ni ACHTUNGTRENNUNG(m-SiPr)-
ACHTUNGTRENNUNG(m-mtet)}6] and the decanuclear cyclo-[{Ni ACHTUNGTRENNUNG(m-StBu) ACHTUNGTRENNUNG(m-
mtet)}10] clusters have a flexible core that could be used in
molecular recognition and as magnetic materials.


High pressure in the liquid phase has been successfully
applied to the alkylation of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(P-P)2] (P-P=25PPh3


or Ph2P ACHTUNGTRENNUNG(CH2)3PPh2 (1,3-bis(diphenylphosphanyl)propane or
dppp)) in the synthesis of dithiacyclophanes.[10] We demon-
strate herein that high pressure (15 kbar) can promote the
second alkylation, thus allowing for functionalization of the
unsubstituted sulfide in [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(PPh3)4]


+ (3). This is
consistent with the knowledge that bond-forming and/or
ionogenic reactions are accompanied by a decrease in acti-
vation volume and are, hence, accelerated by pressure.[11]


We investigated the heterodialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2} in an
attempt to convert {Pt2ACHTUNGTRENNUNG(m-S)2} into {Pt2(SR) ACHTUNGTRENNUNG(SR’)} (in which
R¼6 R’¼6 CH3) entities in a one-pot manner by using pres-
sure, and to establish that the dialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2} to
{Pt2(SR)2} is accelerated at elevated pressure.


Abstract: Heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-
S)2ACHTUNGTRENNUNG(dppp)2] (dppp=Ph2P ACHTUNGTRENNUNG(CH2)3PPh2)
was achieved under high pressure
(10 kbar). This enabled the synthesis of
rare diplatinum complexes with struc-
turally diverse thiolate bridges, such as
[Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)-
(dppp)2]ACHTUNGTRENNUNG(PF6)2, which was crystallo-


graphically identified. Complete homo-
dialkylation was also achieved under
similar conditions (6 kbar at room tem-


perature), thus permitting the isolation
of [Pt2(m-SC2H4CO2CH2CH3)2ACHTUNGTRENNUNG(dppp)2]-
(PF6)2. The isolation of these com-
plexes extends the applications of high-
pressure chemistry to thiolato homo-
and heterobridged complexes that are
otherwise not accessible.
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Results and Discussion


Pressure-Promoted Heterodialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2}


Attempts to modify the substituent on the SCH3 thiolate
ligand of complex 2 failed to give complexes of the type
ACHTUNGTRENNUNG[Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SR’)ACHTUNGTRENNUNG(PPh3)4]


2+ (4 ; R¼6 R’¼6 CH3). This is exem-
plified in the alkylation reaction of 1 with benzyl bromide
followed by diethyl sulphate, which stopped at the first al-
ACHTUNGTRENNUNGkylation stage to give [Pt2(m-SCH2C6H5)ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(PPh3)4]


+ (3a).
An increase in carbon-chain length of just one C atom (i.e. ,
from CH3 to CH2CH3) impeded heterodialkylation signifi-
cantly. A similar observation was made in the reaction of 1
with allyl bromide and diethyl sulphate studied by electro-
spray ionization mass spectrometry (ESI-MS), in which the
predominant monoalkylated species, [Pt2(m-SCH2CHCH2)
ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(PPh3)4]


+ (3b ; m/z=1544, 100%), was formed together
with the diethylated [Pt2(m-SCH2CH3)2ACHTUNGTRENNUNG(PPh3)4]


2+ (m/z=


780.5, 58%) and diallylated [Pt2(m-SCH2CHCH2)2ACHTUNGTRENNUNG(PPh3)4]
2+


(m/z=792, 35%) complexes, as well as [Pt2(m-
SCH2CHCH2)2ACHTUNGTRENNUNG(PPh3)4]


2+Br� (m/z=1402, 33%). Elevated
pressure (up to 10 kbar) did not result in the formation of
the expected mixed di-m-thiolato complexes (e.g., [Pt2(m-
SCH2C6H5) ACHTUNGTRENNUNG(m-SC2H5) ACHTUNGTRENNUNG(PPh3)4]


2+ (4a) and [Pt2(m-
SCH2CHCH2) ACHTUNGTRENNUNG(m-SC2H5)ACHTUNGTRENNUNG(PPh3)4]


2+ (4b)).
Therefore, a different method was required to achieve


heterodialkylated {Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SR’)} complexes. The termi-
nal phosphine ligand of 1 was replaced by dppp in [Pt2ACHTUNGTRENNUNG(m-
S)2ACHTUNGTRENNUNG(dppp)2] (5) to increase the nucleophilicity of the sulfido
ligands. It is also important to apply the correct alkylation
sequence to 5. For example, attachment of a substituent
with a long and/or bulky alkyl chain hinders the approach of
a second substituent. Reversal of the order, that is, introduc-
tion of the smaller substituent first, may solve the problem,
but functionalization of both sulfide centers by the first
halide is likely to occur. Thus, in our endeavor to prepare a
diplatinum complex that contains both long-chain ester thio-
late and propyl thiolate ligands, the propyl substituent was
attached first by treating the starting complex 5 with 1-bro-
mopropane to yield [Pt2 ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2]ACHTUNGTRENNUNG(PF6) (6).


The reaction was stopped within 10 min so that 6 was isolat-
ed as the only product. Successful heterodialkylation to give
[Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a)
was then accomplished by pressurizing a suspension of 6
and ethyl 6-bromohexanoate overnight in MeOH at 10 kbar
and 25 8C, followed by the addition of excess NH4PF6


(Scheme 1). Notably, this alkylation sequence is opposite to
that used for the preparation of [Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3)-
(PPh3)4]


2+ complexes. When ethyl 6-bromohexanoate was
introduced first to give [Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(dppp)2]ACHTUNGTRENNUNG(PF6)2 (8), steric hindrance caused by the long ester
chain blocked the approach of 1-bromopropane.


The structural characteristics of 7a (Tables 1 and 2) are
similar to those found in [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]


2+ com-
plexes. The crystal structure of 7a (Figure 1) confirms the
presence of two different bridging thiolate ligands that are
projected away from each other. Both ester thiolate and


Scheme 1. The sequence of alkylation in [Pt2 ACHTUNGTRENNUNG(m-S)2 ACHTUNGTRENNUNG(dppp)2] (5) is important for the selective formation of the heterodi-m-thiolato binuclear platinum
ACHTUNGTRENNUNGcomplex Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a).


Table 1. Selected bond lengths (Q́) and angles (o) for complexes 7a and
8.


ACHTUNGTRENNUNG[Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a)


Pt(1)�P(1) 2.270(2) Pt(2)�S(1) 2.375(2)
Pt(1)�P(1A) 2.270(2) Pt(2)�S(1A) 2.375(2)
Pt(1)�S(1) 2.358(2) S(1)�C(1) 1.854(10)
Pt(1)�S(1A) 2.358(2)


Pt(1)�S(1)�Pt(2) 92.58(8) P(1A)�Pt(1)�S(1) 173.88(8)
S(1)�Pt(1)�S(1A) 83.51(11) P(1A)�Pt(1)�S(1A) 91.04(8)
P(1)�Pt(1)�P(1A) 94.26(12) C(1)�S(1)�Pt(1) 105.0(3)
P(1)�Pt(1)�S(1) 91.04(8) C(1)�S(1)�Pt(2) 107.7(3)
P(1)-Pt(1)-S ACHTUNGTRENNUNG(1 A) 173.88(8) q[a] 150


ACHTUNGTRENNUNG[Pt2(m-SC2H4CO2CH2CH3)2 ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (8)


Pt(1)�P(1) 2.262(4) Pt(1)�S(1A) 2.365(3)
Pt(1)�P(2) 2.287(4) Pt(1A)�S(1) 2.365(3)
Pt(1)�S(1) 2.372(3) S(1)�C(1) 1.94(2)


Pt(1)�S(1)�Pt(1A) 90.14(11) P(1)�Pt(1)�S(1A) 174.04(13)
S(1)�Pt(1)�S(1A) 83.02(12) C(1)�S(1)�Pt(1) 104.2(6)
P(1)�Pt(1)�P(1A) 91.71(14) C(1)�S(1)�Pt(1A) 106.1(6)
P(1)�Pt(1)�S(1) 91.04(13) q[a] 142


[a] q=Dihedral angle between the two PtS2 planes.
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propyl thiolate ligands adopt a syn-exo conformation about
the central {Pt2ACHTUNGTRENNUNG(m-S)2} ring, which is inevitably folded with a
dihedral angle of 1508. X-ray diffraction analysis also re-
vealed the disorder of the two aliphatic chains (C3H7 and
C5H10CO2CH2CH3) of the SR groups, which switch positions
(50:50) between the two sulfur atoms. The 31P NMR chemi-
cal shifts of 7a were indistinguishable (d=0.7 ppm), but the
two sets of Pt–P couplings (1JPt�P=2714, 2736 Hz) were evi-
dent. The phosphine ligand trans to the more strongly elec-
tron-withdrawing m-SC5H10CO2CH2CH3 should have the
slightly larger 1JPt�P value. The introduction of a functional
group with an extended tail structure (such as
C5H10CO2CH2CH3) to the unsubstituted sulfide in 6 was hin-
dered by the crowding of the phenyl rings (of dppp) above
the {Pt2 ACHTUNGTRENNUNG(m-S)2} core at lower and ambient pressures. This
process was, however, achieved
at elevated pressure
(Scheme 1).


Heterodialkylation was also
accomplished with a propyl
residue in conjunction with
either ethyl 3-bromopropio-
nate, an ester with a shorter
alkyl chain, or allyl bromide
(Scheme 2). ESI-MS analysis
of a mixture of [Pt2ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(m-
SC3H7) ACHTUNGTRENNUNG(dppp)2]ACHTUNGTRENNUNG(PF6) (6) and
either substrate in MeOH after
the application of 10 kbar pres-
sure for 16 h at 25 8C revealed
the formation of [Pt2(m-
SC2H4CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)-
(dppp)2]


2+ (7b ; m/z=711,


45% for [M]2+ and 1503, 46% for [M]2+Br�) and [Pt2(m-
SCH2CHCH2) ACHTUNGTRENNUNG(m-SC3H7)ACHTUNGTRENNUNG(dppp)2]


2+ (7c ; m/z=681, 67% for
[M]2+ and 1442, 25% for [M]2+Br�), respectively. An assort-
ment of different substituents can therefore potentially be
appended to the bridging sulfides of 5 to construct a wide
range of mixed dithiolato ligands. We are currently explor-
ing the prospect of applying such heterofunctionalization to
graft the {Pt2ACHTUNGTRENNUNG(m-S)2} core onto solid surfaces.


Accelerated Dialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2} to {Pt2ACHTUNGTRENNUNG(m-SR)2}
under Pressure


The dimethylated [Pt2ACHTUNGTRENNUNG(m-SCH3)2ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 is the only
[Pt2ACHTUNGTRENNUNG(m-SR)2ACHTUNGTRENNUNG(P-P)2]


2+ complex with two chemically identical
m-SR thiolato bridges that has been prepared by the alkyla-
tion of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] (1).


[2] The intermediate [Pt2ACHTUNGTRENNUNG(m-SR)-
ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(PPh3)4]


+ (3) contains a deactivated sulfide, which re-
sists substitution, and a monocationic charge, which disfa-
vors electrophilic attack. There is also an increased likeli-
hood of bridge cleavage when the dicationic [Pt2ACHTUNGTRENNUNG(m-SR)2ACHTUNGTRENNUNG(P-


Table 2. Crystallographic data for complexes 7a and 8.


Complex 7a·2CH2Cl2·CH3CH2OH 8


Formula C69H84Cl4F12O3P6Pt2S2 C64H70F12O4P6Pt2S2


Mr 1971.28 1771.32
Crystal system monoclinic monoclinic
Space group P21m C2/c
a [Q] 13.0749(10) 19.8783(14)
b [Q] 14.9897(12) 19.2771(14)
c [Q] 20.3330(14) 17.3441(12)
a [8] 90 90
b [8] 105.842(2) 92.678(2)
g [8] 90 90
V [Q3] 3833.7(5) 6638.9(8)
Z 2 4
1calcd [gcm


�3] 1.708 1.772
m [mm�1] 4.038 4.498
T [K] 233(2) 243(2)
Reflections measured 20685 27063
Independent reflections 6994 5321
Rint 0.0658 0.1368
Parameters 457 408
R (F, F2>2s) 0.0505 0.0677
Rw (F2, all data) 0.1386 0.1617
Goodness of fit on F2 0.957 0.963
Max., min. electron
density [eQ�3]


1.549, �1.359 2.443, �2.264


Figure 1. ORTEP diagram of the cation of [Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-
SC3H7) ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a) with thermal ellipsoids at 50% probability.
Phenyl rings of dppp and hydrogen atoms are omitted for clarity.


Scheme 2. Formation of the heterodialkylation complexes [Pt2(m-SC2H4CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)ACHTUNGTRENNUNG(dppp)2]
2+ (7b)


and [Pt2(m-SCH2CHCH2) ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2]
2+ (7c).
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P)2]
2+ is formed. This is parti-


ally alleviated if the PPh3 li-
gands are replaced by the che-
lating dppp. The strong elec-
tron-donating capacity of dppp
in [Pt2 ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(dppp)2] (5) also
results in a more electron-rich
sulfide and greater basicity.[12]


We have already established[13]


the identities of a number of
dialkylated complexes of the
type [Pt2ACHTUNGTRENNUNG(m-SR)2ACHTUNGTRENNUNG(dppp)2]


2+


(R=CH2C6H5, CH2CHCH2,
CH2CN, C2H4CO2CH2CH3 and
C5H10CO2CH2CH3) by using
ESI-MS. This method can be
applied to most monohalides
and gives rise to a greater vari-
ety of bridging dithiolate li-
gands. The rate of dialkylation
of 5, however, can be sluggish
with some long-chain halides
and/or those that contain additional functionalities.


The reaction of 5 with ethyl 3-bromopropionate at 6 kbar
and 25 8C for 16 h resulted in complete dialkylation to form
the doubly bridging ester thiolate complex [Pt2(m-
SC2H4CO2CH2CH3)2ACHTUNGTRENNUNG(dppp)2]


2+ (8 ; m/z=740, 100% for
[M]2+ and 1560, 35% for [M]2+Br�) (Scheme 3). The same
reaction at ambient pressure resulted in incomplete dialkyla-
tion and required more than 4 days at room temperature or
2 days at 60 8C to reach completion. Complex 8 can be iso-
lated as the PF6 salt. The


31P{1H} NMR spectrum of 8 is typi-
cal of a symmetrical structure and displays a singlet at d=


0.1 ppm with associated satellites for Pt�P coupling (1JPt�P=


2741 Hz) for the chemically equivalent phosphine groups.
Confirmation of its identity was accomplished by X-ray dif-
fraction (Figure 2 and Tables 1 and 2), which shows the two
ester thiolate ligands in a syn-exo conformation, which is
consistent with complex 7a. The geometry of the central
ACHTUNGTRENNUNG{Pt2ACHTUNGTRENNUNG(m-S)2} ring is hinged with a dihedral angle of 1428.


Conclusions


Elevated pressures in the liquid phase facilitates homo- and
heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(dppp)2] (5) to provide binu-
clear platinum bis(m-thiolato) complexes, which are other-
wise difficult to obtain. It also avoids the use of obnoxious
thiols as substrates. The method is potentially applicable to
a range of functional alkyls and aryls, thus permitting the
design of different functionalities for specific uses such as in
catalysis, optics, molecular electronics, or as therapeutic
agents.[14]


Experimental Section


Methods and Materials


All manipulations were carried out at room temperature, unless other-
wise stated, under an atmosphere of dinitrogen. Solvents were generally
of analytical grade (Tedia) and were dried and deoxygenated before
used. Complex 5 was synthesized according to published methods.[12] The
following chemicals were used as supplied from Aldrich: benzyl bromide,
allyl bromide, diethyl sulfate, and NH4PF6. Ethyl 6-bromohexanoate and
ethyl 3-bromopropionate were obtained from TCI, and 1-bromopropane
was obtained from Fluka.


Reactions were carried out in teflon vessels, which were placed in the
chamber of a PSIKA dual-piston cylinder (20 kbar) ultrahigh-pressure re-
actor with castor oil/MeOH (85:15) as the pressure-transmitting medium
and subjected to pressure. ESI mass spectra were obtained in the posi-
tive-ion mode with a Finnigan/MAT LCQ mass spectrometer coupled
with a TSP4000 HPLC system and the crystal 310 CE system. The mobile


Scheme 3. Application of pressure (6 kbar) accelerates dialkylation to form the complex [Pt2(m-
SC2H4CO2CH2CH3)2 ACHTUNGTRENNUNG(dppp)2]


2+ (8). The same reaction conducted at ambient pressure resulted in a mixture of
mono- and dialkylated products.


Figure 2. ORTEP diagram of the cation of [Pt2(m-SC2H4CO2CH2CH3)2-
(dppp)2] ACHTUNGTRENNUNG(PF6)2 (8) with thermal ellipsoids at 50% probability. Phenyl
rings of dppp and hydrogen atoms are omitted for clarity.


1360 www.chemasianj.org � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1356 – 1362


FULL PAPERS
T. S. A. Hor et al.







phase was methanol (80%)/H2O (20%) (flow rate: 0.4 mLmin�1). The
capillary temperature was 150 8C. Peaks were assigned from the m/z
values and from the isotope-distribution patterns. The charge(s) of the
species were confirmed by comparing the experimental and calculated
isotope-distribution patterns. Elemental analysis was performed on a
Perkin–Elmer PE 2400 CHNS elemental analyzer. 1H and 13C NMR spec-
tra were recorded at 25 8C on a Bruker ACF300 spectrometer (300 and
75.47 MHz, respectively) with Me4Si as internal standard.


31P NMR spec-
tra were recorded at 25 8C at 121.50 MHz with 85% H3PO4 as external
reference.


Syntheses


6 : 1-Bromopropane (0.01 mL, 13.5 mg, 0.110 mmol, 3 equiv) and 5
(50.1 mg, 0.039 mmol) were mixed in methanol (20 mL) and gave a
yellow solution instantaneously. After the mixture was stirred for 10 min,
excess NH4PF6 (15.0 mg, 0.092 mmol) was added. Deionized water
(40 mL) was used to complete precipitation. The yellow precipitate was
washed with deionized water (100 mL) and diethyl ether (100 mL) by
using vacuum suction filtration to yield a yellow powder of 6 (41.9 mg,
73%). 1H NMR (300 MHz, CD2Cl2): d =0.34 (t, J=7.0 Hz, 3H;
CH2CH3), 0.42 (t, J=7.0 Hz, 2H; SCH2), 0.56–0.64 (m, 2H; SCH2CH2),
2.29–2.92 (br m, 12H; PC3H6P), 7.15–7.74 ppm (m, 40H; 8C6H5);
31P{1H} NMR (121.5 MHz, CDCl3): d=0.4–1.6 ppm (m, 1JPt�P(1)=3012 Hz,
1JPt�P(2)=2425 Hz); MS (ESI, MeOH/H2O): m/z (%)=1321 (100) [M]+ .


7a : Ethyl 6-bromohexanoate (60.7 mg, 0.272 mmol, 10 equiv) was added
to a yellow solution of 6 (39.9 mg, 0.027 mmol) in methanol (15 mL). The
mixture was pressurized to 10 kbar at 30 8C for 16 h. Excess NH4PF6


(20.0 mg, 0.123 mmol) was added to the resultant pale-yellow solution.
Deionized water (40 mL) was used to complete precipitation. The off-
white powder of 7a (40.8 mg, 85%) was obtained by washing with deion-
ized water (100 mL) and diethyl ether (100 mL). 1H NMR (300 MHz,
CD2Cl2): d =0.16 (br s, 3H; SCH2CH2CH3), 0.41 (t, J=7.0 Hz, 3H;
OCH2CH3), 0.79–0.84 (br m, 2H; CH2CH2CO), 1.11–1.29 (m, 4H;
SCH2CH2CH2), 1.83–2.09 (m, 8H; PC3H6P), 2.28–2.33 (m, 4H; PC3H6P),
2.91 (br s, 4H; SCH2), 2.91 (br s, 2H; SCH2CH2CH3), 2.91 (br s, 2H;
CH2CO), 3.39–3.46 (m, J=7.0 Hz, 2H; OCH2), 7.37–7.46 ppm (m, 60H;
12C6H5);


31P{1H} NMR (121.5 MHz, CD2Cl2): d=0.7 ppm (s, 1JPt�P(1)=
2714 Hz, 1JPt�P(2)=2736 Hz); MS (ESI, MeOH/H2O): m/z (%)=733 (100)
[M]+ , 1611 (26) [M]2+


ACHTUNGTRENNUNG[PF6]
� ; elemental analysis: calcd (%) for


Pt2S2C65H74P6F12O2 (1755.40): C 44.47, H 4.25, S 3.65; found: C 45.25, H
4.06, S 3.46. Pale-yellow crystals of 7a suitable for X-ray crystallographic
analysis were obtained from dichloromethane/ethanol (1:1).


8 : Ethyl 3-bromopropionate (0.08 mL, 100.8 mg, 0.557 mmol, 10 equiv)
was added to a bright-yellow solution of 5 (74.5 mg, 0.058 mmol) in meth-
anol (20 mL). The mixture was pressurized to 6 kbar at 258C for 16 h.
Excess NH4PF6 (25.0 mg, 0.153 mmol) was then added to the resultant
yellow solution. Deionized water (40 mL) was used to complete the pre-
cipitation. The pale-yellow powder of 8 (78.5 mg, 76%) was obtained by
washing with deionized water (100 mL) and diethyl ether (100 mL) by
using vacuum suction filtration. 1H NMR (300 MHz, CD2Cl2): d =0.94 (t,
J=8.5 Hz, 4H; 2CH2CO), 1.21 (t, J=7.1 Hz, 6H; OCH2CH3), 1.98 (br s,
4H; SCH2), 2.70 (br s, 4H; PC3H6P), 2.93 (br s, 8H; PC3H6P), 3.97–4.04
(q, J=7.1 Hz, 4H; OCH2), 7.24–7.48 ppm (m, 40H; 8C6H5);


13C NMR
(75.47 MHz, CD2Cl2): d=14.2, 18.2, 23.9, 29.7, 35.3, 61.1, 129.6, 132.6,
133.7, 170.1 ppm; 31P{1H} NMR (121.5 MHz, CD2Cl2): d =0.07 ppm (s,
1JPt�P=2741 Hz); MS (ESI, MeOH/H2O): m/z (%)=740 (100) [M]+ ,
1625 (48) [M]2+


ACHTUNGTRENNUNG[PF6]
� ; elemental analysis: calcd (%) for


Pt2S2C64H70P6F12O4 (1771.35): C 43.40, H 3.98, S 3.62; found: C 45.05, H
4.04, S 3.74. Pale-yellow crystals of 8 suitable for X-ray crystallographic
analysis were obtained from dichloromethane/ethanol (1:1).


X-ray Crystal-Structure Determination and Refinement


Selected bond lengths and angles for 7a and 8 are given in Table 1. All
measurements were made on a Bruker AXS SMARTAPEX diffractome-
ter equipped with a CCD area detector by using MoKa radiation (l=


0.71073 Q). The software SMART[15] was used for the collection of data
frames, for indexing reflections, and to determine the lattice parameters;
SAINT[15] was used for the integration of the intensity of the reflections


and for scaling; SADABS[16] was used for empirical absorption correc-
tion; and SHELXTL[17] was used for space-group and structure determi-
nation, refinements, graphics, and structure reporting. The structure was
refined by full-matrix least squares on F2 with anisotropic thermal param-
eters for non-hydrogen atoms. A summary of crystallographic parameters
for data collection and refinement is given in Table 2.


For complex 7a, one half of the cation is in the asymmetric unit together
with two halves of the PF6


� anions as well as two halves of dichloro-
ACHTUNGTRENNUNGmethane and half of ethanol solvent molecules. The two aliphatic chains
(C3H7 and C5H10CO2CH2CH3) of the SR groups are disordered and
switch positions (50:50) between the two sulfur atoms. The whole cation
can be obtained by the crystal symmetry. The C5H10CO2CH2CH3 atoms
were located from difference maps and were refined with restraints in
bond lengths and fixed thermal parameters. For 8, the asymmetric unit
contains one half of the cation and two halves of the PF6


� anions. The
whole cation can be generated by the twofold symmetry. The aliphatic
ester chain showed large thermal parameters, which explains the poor
Rint value. Restraints in bond lengths and thermal parameters were there-
fore applied. CCDC-647873 (7a) and -647874 (8) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge, CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail : mail-
to:deposit@ccdc.cam.ac.uk) or at www.ccdc.cam.ac.uk/conts/retrieving.
html.
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Tunable Bacterial Agglutination and Motility Inhibition by Self-Assembled
Glyco-Nanoribbons


Yong-beom Lim,[a] Somi Park,[a] Eunji Lee,[a] Ja-Hyoung Ryu,[a] You-Rim Yoon,[a]


Tae-Hyun Kim,[b] and Myongsoo Lee*[a]


Introduction


The process of molecular self-assembly is mediated by itera-
tive noncovalent interactions among monomeric building
blocks,[1] which makes self-assembled nanostructures excel-
lent platforms for attaching multiple functional moieties.[2]


As carbohydrates are structurally diverse and a myriad of
biological recognition events are mediated by carbohydrate–
carbohydrate or carbohydrate–protein interactions, the at-
tachment of carbohydrates on self-assembled nanostructures
offers a unique opportunity to modulate many carbohy-


drate-dependent biological processes.[2,3a–d] In multivalent-
type interactions, the binding constant is significantly larger
than the simple arithmetic sum of the respective monovalent
interactions.[3] For this reason, carbohydrate-attached multi-
valent molecules and nanostructures have been utilized as
competitive inhibitors of carbohydrate-dependent patho-
gen–cell interactions, bacterial-toxin–cell interactions, and
cancer metastasis.[4] Furthermore, they have also been used
as cross-linkers for cell aggregation.
The agglutination and motility inhibition of pathogenic


cells such as bacteria, virus, and spores by carbohydrate-at-
tached multivalent nanostructures was recently investigated
for potential applications in pathogen capture, inactivation,
and detection.[5] Examples include carbohydrate-functional-
ized carbon nanotubes (CNTs), gold nanoparticles, polygly-
cine nanosheets, rod–coil amphiphiles, and b-sheet peptide
nanoribbons. It was shown that fiberlike nanostructures such
as CNTs and b-sheet peptide nanoribbons are especially
suitable for aggregating cells, thus indicating that nanostruc-
tures of sufficient length are necessary for cross-linking
cells.
The design principle of most artificially designed b-sheet


peptides is the alternating placement of positively charged,
hydrophobic and negatively charged amino acids.[5a,6] Attrac-
tion between oppositely charged amino acids and solvopho-


Abstract: We explored a method of
controlling bacterial motility and agglu-
tination by using self-assembled carbo-
hydrate-coated b-sheet nanoribbons. To
this aim, we synthesized triblock pep-
tides that consist of a carbohydrate, a
polyethylene glycol (PEG) spacer, and
a b-sheet-forming peptide. An investi-
gation into the effect of PEG-spacer
length on the self-assembly of the tri-
block peptides showed that the PEG
should be of sufficiently length to stabi-
lize the b-sheet nanoribbon structure.


It was found that the stabilization of
the nanoribbon led to stronger activity
in bacterial motility inhibition and ag-
glutination, thus suggesting that anti-
bacterial activity can be controlled by
the stabilization strategy. Furthermore,
another level of control over bacterial
motility and agglutination was attained


by co-assembly of bacteria-specific and
-nonspecific supramolecular building
blocks. The nanoribbon specifically de-
tected bacteria after the encapsulation
of a fluorescent probe. Moreover, the
detection sensitivity was enhanced by
the formation of bacterial clusters. All
these results suggest that the carbohy-
drate-coated b-sheet nanoribbons can
be developed as promising agents for
pathogen capture, inactivation, and de-
tection, and that the activity can be
controlled at will.
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bic interactions between hydrophobic amino acids are the
primary driving forces for the proper b-sheet hydrogen-
bonding arrangement. Iterative edge-to-edge and face-to-
face b-sheet packing of b-sheet peptides lead to the forma-
tion of a nanoribbon structure. The b-sheet peptide nanorib-
bons are excellent scaffolds for functionalization with bioac-
tive molecules such as carbohydrates, peptides, and pro-
ACHTUNGTRENNUNGteins.[5a,6a–c] Mannose-coated b-sheet nanoribbons were
shown to agglutinate and/or inhibit bacterial motility by spe-
cific multivalent interactions of the mannose residues with
mannose-binding proteins (MBPs) in the pili of Escherichia
coli.[5a]


It has been demonstrated that peptides with a propensity
for b-sheet formation self-assemble into a hierarchy of nano-
structures in solution, such as tapes, ribbons, fibrils, and
fibers.[7] The fibrils and fibers are lateral aggregates of the b-
sheet tapes and ribbons. The coupling of hydrophilic macro-
molecules on the N or C terminus of b-sheet peptides has a
significant influence on the self-assembly process of block
peptides. It was reported that coupling of polyethylene
glycol (PEG) on b-sheet peptides can suppress the lateral
aggregation of b-sheet nanostructures and enhance their sol-
ubility in aqueous solution.[8] Furthermore, it was found that
the morphologies of the b-sheet nanostructures formed are
influenced by the structure of the PEG blocks. Bulky and
dendritic PEG structures interfere with the formation of a
proper b-sheet arrangement of the block b-sheet peptide,
thus resulting in premature termination of nanoribbon
ACHTUNGTRENNUNGgrowth.[5a] Accordingly, nanoribbons from a peptide with a
bulky and dendritic PEG block was found to be significantly
shorter than those formed from one with a linear PEG
block. These previous findings suggest that the properties of


the hydrophilic segment have a significant influence on the
supramolecular structure of b-sheet peptide block molecules.
Moreover, the biological activity of differently sized nano-
ribbons in terms of bacterial agglutination and motility in-
hibition was found to be significantly different.
However, it has not been established how the PEG block


length affects the self-assembly characteristics of b-sheet
peptides. Herein, we report a strategy to control the degree
of E. coli agglutination and motility by carbohydrate-func-
tionalized b-sheet peptide nanoribbons. To this aim, we first
investigated how the PEG block length affects the stability
and length of the nanoribbons formed from a carbohydrate,
a PEG spacer, and a b-sheet peptide triblock molecule.
Second, we investigated how the supramolecular stability
and length of the carbohydrate-coated nanoribbons are re-
lated to E. coli binding activity. We then developed a way to
fine-tune E. coli binding activity further by co-assembling
the triblock peptides that contain an MBP-specific and a
nonspecific carbohydrate. Finally, the possibility of specifi-
cally detecting bacteria was investigated with this carbohy-
drate-coated nanoribbon upon encapsulation of a fluores-
cent dye. This study should be a critical step toward the de-
velopment of better pathogen-capture, inactivation, and de-
tection agents.


Results and Discussion


Carbohydrate-Coated Self-Assembling Peptides


The triblock molecules that consist of a carbohydrate, a
PEG, and a b-sheet peptide were synthesized by using solid-
phase organic/peptide-synthesis methods similar to those[5a]


described previously (Scheme 1). The b-sheet peptide block
(FKFEFKFEF) was synthesized by using standard Fmoc (9-
fluorenylmethoxycarbonyl) chemistry on Rink amide
MBHA (4-methylbenzhydrylamine) resin. The sequence of
the peptide has been shown to form b-sheet nanoribbons in
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aqueous solution. Coupling of the Fmoc-NH-(EG)n-COOH
(EG=ethylene glycol, n=degree of polymerization=3, 6,
or 12) section of different ethylene glycol units was achieved
by HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate)-mediated activation of the car-
boxy group. After removal of the Fmoc group from the
PEG, 5 was coupled and its acetyl groups removed by 10%
hydrazine in DMF (N,N-dimethylformamide) to make an a-
d-mannose-functionalized nanoribbon building block. A b-
d-glucose-functionalized building block was synthesized sim-
ilarly by using 6. Cleavage and side-chain deprotection by
TFA (trifluoroacetic acid) yielded the triblock molecules 1–
4. The triblock molecules were purified by reverse-phase
(RP) HPLC (>95% purity), and the molecular weight was
confirmed by MALDI-TOF mass spectrometry.
The self-assembly of the block molecules was investigated


by circular dichroism (CD) spectroscopy, which showed that
all the molecules formed b sheets, as evidenced by the
minima in molar ellipticity at 215 nm (Figure 1a). Transmis-
sion electron microscopy (TEM) of the nanostructures re-
vealed the formation of nanoribbons[5a] (Figure 1b). As


shown in Figure 1a, the molar ellipticity at 215 nm became
stronger as the PEG chain length increased, which is an in-
dication of a stronger association of b strands. It was report-
ed that the degree of association correlates with the stabili-
zation of the b-sheet structure, which in turn produces
longer assemblies.[6a,9] Therefore, the results suggest that the
PEG should be of sufficient length to stabilize the b-sheet
nanostructure, and that the supramolecular length of the
nanoribbons increases with PEG chain length. It was report-
ed that b-sheet nanostructures can be stabilized by adding
more b-sheet-forming sequences in the peptide.[9] b-Sheet
stabilization in this type of block-peptide system should be
affected by contributions from both the hydrophilic and the
b-sheet-forming blocks. On the basis of this new finding that
a hydrophilic block of a certain length helps to stabilize b-
sheet interaction, it would be interesting to find the maxi-
mum length of hydrophilic block that a b-sheet peptide
block can tolerate, above which b-sheet interaction might be
weakened due to steric hindrance; this point could be the
subject of further study.


Scheme 1. Structures of carbohydrate-coated nanoribbon building blocks. 1 (n=3), 2 (n=6), and 3 (n=12): Mannose building blocks. 4 (n=12): A
ACHTUNGTRENNUNGglucose building block. 5=carboxymethyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranoside, 6=carboxymethyl 2,3,4,6-tetra-O-acetyl-b-d-glucopyranoside.
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Control of E. coli Mobility and Agglutination


The E. coli strain ORN178 expresses mannose-binding ad-
hesin FimH in its type 1 pili.[10] The type 1 pili are filamen-
tous appendages produced by many members of gram-nega-
tive bacteria. It was reported that multivalent binding of
mannose residues in nanostructures with FimH in E. coli
ORN178 leads to the agglutination and/or motility inhibi-
tion of the bacteria.[5a,b]


To examine the effect of b-sheet stabilization on E. coli
binding activity of the nanoribbons, E. coli ORN178 motili-
ty-inhibition and agglutination assays[5a,b] were performed.
As shown in Figure 2a, the bacteria gradually lost their mo-
tility when treated with increasing concentrations of man-
nose-coated nanoribbons. However, the increase in ability to
inhibit bacterial motility had a positive correlation with
nanoribbon stabilization and the formation of longer assem-
blies. With regard to bacterial agglutination, the nanorib-
bons from 1, 2, and 3 could agglutinate treated bacteria,
which indicates that all the nanoribbons are long enough to
cross-link the bacteria[5a] (Figures 2b and 4). However, a
clear difference was also observed among the nanoribbons
in their ability to agglutinate the bacteria. The more stable
and longer nanoribbons agglutinated the bacteria better.
These results indicate that there is a strong correlation be-


tween bacterial motility inhibition/agglutination and nano-


ribbon stabilization/formation of longer assemblies. Another
possibility is that longer PEG chains may enable a more
precise arrangement of the mannose residue on the FimH
protein owing to the enhanced degrees of freedom relative
to the conformationally more rigid and shorter PEG
ACHTUNGTRENNUNGchains.[3a]


Notably, E. coli strain ORN208, a FimH gene mutant in
which the mannose-binding ability of FimH has been inacti-
vated, neither lost its motility nor was agglutinated by the
addition of any nanoribbons. Furthermore, both motility-in-
hibited and agglutinated E. coli ORN178 returned to their
original mobile and dispersed state when a specific competi-
tor, a-methyl-d-mannopyranoside, was added in large excess
(1000L), thus indicating the reversible nature of the phe-
nomenon. By contrast, a nonspecific competitor, d-(+)-gal-
actose, had no influence on the motility-inhibited and agglu-
tinated bacteria. All this evidence indicates that the interac-
tions are specific.
Next, we asked whether we could have another level of


control over bacterial motility and agglutination with the
carbohydrate-coated nanoribbons. For this, we co-assembled
the mannose building block 3 with the glucose building


Figure 1. Self-assembly of triblock peptides. a) CD spectra of 1 (green), 2
(red), and 3 (blue). b) Negatively stained TEM image of 3. TEM images
of 1, 2, and 4 are similar (data not shown).


Figure 2. The effect of stabilization of the mannose-coated nanoribbons
and formation of longer assemblies on motility inhibition and agglutina-
tion of E. coli ORN178. a) Bacterial motility-inhibition assay. *=1, ~=


2, !=3. Each data point represents the mean�SD (standard deviation;
n=5). b) Bacterial agglutination assay. The concentration was 50 mm.
Control: monovalent mannose (a-methyl-d-mannopyranoside). Each bar
represents the mean�SD (n=10). AI=agglutination index.
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block 4.[6b] FimH protein is specific only to mannose residue.
As shown in Figure 3, bacterial motility and AI decreased as
the relative proportion of the glucose building block incor-
porated in the nanoribbons increased. By increasing the pro-
portion of the glucose building block from 0 to 100%, bac-
terial motility and AI decreased by a factor of 24 and 7, re-
spectively. These results indicate that bacterial motility and
AI can be controlled in predictable and tunable ways by
changing the composition of specific and nonspecific nano-
ribbon building blocks.


Carbohydrate-Coated Nanoribbons for Specific Detection of
Pathogens


The development of fast and reliable methods for detecting
pathogens is in high demand for clinical and food-testing
uses.[11] As the b-sheet nanoribbon structure can encapsulate
hydrophobic compounds between the hydrophobic interface
formed by the bilayer of b tapes,[6a] we next asked whether
carbohydrate-coated nanoribbons can be used for the specif-
ic detection of pathogens following encapsulation of the hy-


drophobic fluorescent probe. E. coli ORN178 is a good
model pathogen as FimH in the type 1 pili is encoded by
most strains of uropathogenic E. coli. FimH binds to manno-
sylated host receptors present on the epithelium of the blad-
der, thus causing urinary-tract infections.[12]


Following encapsulation of the hydrophobic fluorescent
probe nile red in the nanoribbons of 3, E. coli ORN178 was
induced to form clusters (Figure 4). The bright-field image
reveals the agglutination of the bacteria (Figure 4a). The


fluorescence image of the same field clearly shows bright-
red fluorescence from bacterial clusters (Figure 4b). The
bacteria not incorporated in the bacterial cluster also fluo-
resce, but fluorescence from the cluster is far brighter. The
results imply that sensitivity in bacterial detection can be en-
hanced by cluster formation. Therefore, the fact that tri-
block peptides can form long nanostructures that agglutinate
bacterial cells is an added benefit for making a highly sensi-
tive method of bacterial detection. The E. coli ORN208
strain was neither agglutinated nor detected with the nile
red encapsulated nanoribbon, thus showing the specificity of
the detection (Figure 4c and d).


Conclusions


We have shown that the degree of bacterial motility and ag-
glutination can be controlled by stabilization and variation
in the length of carbohydrate-coated b-sheet nanoribbons.
Furthermore, another level of fine-tuning in antibacterial ac-
tivity was possible by co-assembling E. coli specific and non-
specific supramolecular building blocks. The carbohydrate-
coated b-sheet nanoribbons not only detected bacteria spe-


Figure 4. Potential application of fluorescent-probe-encapsulated carbo-
hydrate-coated nanoribbons for detection of pathogenic bacteria.
a) Phase-contrast bright-field image of E. coli ORN178 agglutinated by
the treatment of nile red encapsulated 3. b) Nile red fluorescence image
of the specimen in a). c) Phase-contrast bright-field image of E. coli
ORN208 treated with nile red encapsulated 3. d) Nile red fluorescence
image of the specimen in c). The concentration of 3 was 50 mm, and
2 mol% of nile red relative to 3 was encapsulated. Magnification: 400L .


Figure 3. Fine-tuning of bacterial motility and agglutination by molecular
co-assembly of specific and nonspecific building blocks. a) Bacterial mo-
tility-inhibition assay. Each data point represents the mean�SD (n=5).
b) Bacterial agglutination assay. Each data point represents the mean�
SD (n=10). The relative proportion of glucose building blocks changed
from 0 to 100%. The total concentration of the building blocks was
50 mm.
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cifically following encapsulation of fluorescent probes, but
the sensitivity was also enhanced owing to bacterial cluster-
ing. These results indicate that this type of carbohydrate-
coated b-sheet nanoribbon can be developed as promising
agents for pathogen capture, clearance, and detection, and
that we can finely control the antibacterial activity at will.


Experimental Section


Synthesis of Triblock Peptides


The b-sheet-peptide portion of the triblock peptides (FKFEFKFEF) was
synthesized on Rink amide MBHA resin (Anaspec, USA) by using stan-
dard Fmoc protocols on an Applied Biosystems model 433A peptide syn-
thesizer. Fmoc-NH-(EG)n-COOH was synthesized as described previous-
ly[5a] and was further purified by preparative recycling gel-permeation
chromatography (GPC) (polydispersity index<1.1). Fmoc-NH-(EG)n-
COOH (n=3, 6, and 12) was coupled to the peptide on the resin in a 6-
mL polypropylene tube with frits (Restek, USA). The peptide-attached
resin (100 mg, 35 mmol of N-terminal amine groups, substitution on the
resin: 0.35 mmolg�1) was swollen in N-methyl-2-pyrrolidone (NMP) for
30 min. Before addition to the resin, the mixture of Fmoc-NH-(EG)n-
COOH (175 mmol), HBTU (61 mg, 160 mmol), HOBt (1-hydroxybenzo-
triazole; 22 mg, 160 mmol), and DIPEA (diisopropylethylamine;
350 mmol) in NMP (1 mL) was incubated for 10 min for formation of the
active ester. The reaction continued overnight with shaking at room tem-
perature. The resin was then washed with DMF, treated with piperidine
(20%) in DMF for 30 min, and washed again with DMF. Compounds 5
and 6 were synthesized as described previously.[5a] Compound 5 or 6
(175 mmol) was mixed with HBTU (61 mg, 160 mmol), HOBt (22 mg,
160 mmol), and DIPEA (350 mmol) in NMP (1 mL) and incubated for
10 min before being added to the resin. The acetyl protecting groups in 5
or 6 were removed by treatment with hydrazine (10%)/DMF for 5 h.[13]


After being washed with DMF and THF, the resin was dried in vacuo.
The dried resin was treated with cleavage cocktail (TFA/1,2-ethanedi-
thiol/thioanisole=95:2.5:2.5) for 3 h and then triturated with tert-butyl
methyl ether. The triblock peptide was purified by RP HPLC (water/ace-
tonitrile with 0.1% TFA). The molecular weight was confirmed by
MALDI-TOF mass spectrometry (see Supporting Information).


TEM and CD Spectroscopy


For TEM, an aqueous solution of the sample (3 mL) was placed onto a
holey carbon coated copper grid, and a solution of uranyl acetate (3 mL,
2% w/w) was added for negative staining. The sample was deposited for
1 min, and the excess solution was wicked off by filter paper. The dried
specimen was observed with a JEOL-JEM 2010 instrument operating at
120 kV. The data were analyzed with DigitalMicrograph software. CD
spectra were obtained on a JASCO model J-810 spectropolarimeter.
Scans were performed in cuvettes of path length 0.1 cm and were repeat-
ed three times and averaged. The concentration was 25 mm. Molar ellip-
ticity was calculated per amino acid residue.


E. coli Motility Inhibition and Agglutination Assay


An overnight culture of E. coli strain ORN178 was diluted to a concen-
tration of 5L107 cellsmL�1 with phosphate-buffered saline (PBS). The so-
lution of E. coli (2 mL) was placed onto a glass slide, and serially diluted
solutions (2 mL) of the nanoribbons in water were added. The sample
was covered with a cover glass, and a layer of rubber cement was placed
around the edges. The E. coli was observed with a Nikon Eclipse
TE2000-U inverted fluorescence microscope equipped with a
DXM1200C digital camera. For the motility-inhibition assay, the time-
lapse images obtained were analyzed with Adobe Premiere software, and
the ratio of nonmobile to mobile cells was calculated. The percentage
motility inhibition was expressed as (number of nonmobile cells/number
of total cells)L100. The AI value was calculated from 10 random fields
of microscopic images (920L690 mm2), in which the number of cells in


close contact were counted and averaged. For nile red fluorescence de-
tection, a Y-2E/C filter set (Nikon, Japan) was used.


Encapsulation of Nile Red in the Nanoribbons


The dye nile red (60 ng, 0.2 nmol) was dissolved in acetonitrile (20 mL),
and a solution of 3 (10 nmol) in water (20 mL) was added. The solution
was sonicated, and PBS (40 mL) was slowly added. The sample was then
lyophilized and redissolved in water.
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Introduction


One of the remarkable functional properties of p-conjugat-
ed organic molecules is their electrical conductivity, for
which the on-site Coulombic repulsion U and the transfer
integral t are crucial factors.[1] Significant effort has been de-
voted to molecular designs toward a small U and a large t
value, including expansion of the p-system, introduction of
chalcogen atoms, and so on.[2] Recent extensive studies on
phenalenyl-based molecular conductors, whose features of
electronic structure are associated with a spiroconjugative
interaction of phenalenyl radical and cation, revealed that
phenalenyl would be a promising structure for highly con-
ductive materials as a result of its low U/4t ratio,[3] which
originates from two characteristics of the phenalenyl radi-
cal.[4,5] First, this radical has a singly occupied molecular or-
bital (SOMO) with nonbonding character; consequently, ad-
dition and removal of an electron should not affect the p-
bonding energy of the system within the simple H/ckel mo-
lecular-orbital theory. The parent phenalenyl radical shows a
relatively small difference between the first oxidation and
first reduction potentials (DEredox=1.6 V).[6] A small DEredox


Abstract: We prepared and isolated a
phenalenyl-based neutral hydrocarbon
(1b) with a biradical index of 14%, as
well as its charge-transfer (CT) com-
plex 1b–F4-TCNQ. The crystal struc-
ture and the small HOMO–LUMO gap
assessed by electrochemical and optical
methods support the singlet-biradical
contribution to the ground state of the
neutral 1b. This biradical character
suggests that 1b has the electronic
structure of phenalenyl radicals cou-
pled weakly through an acetylene
linker, that is, some independence of


the two phenalenyl moieties. The
monocationic species 1bC+ was ob-
tained by reaction with the organic
electron acceptor F4-TCNQ. The cat-
ionic species has a small disproportio-
nation energy DE for the reaction 2;
1bC+Ð1b+1b2+ , which presumably
originates from the independence of
the phenalenyl moieties. The small DE


led to a small on-site Coulombic repul-
sion Ueff=0.61 eV in the CT complex.
Moreover, a very effective orbital over-
lap of the phenalenyl rings between
molecules afforded a relatively large
transfer integral t=0.09 eV. The small
Ueff/4t ratio (=1.7) resulted in a metal-
lic-like conductive behavior at around
room temperature. Below 280 K, the
CT complex showed a transition into a
semiconductive state as a result of
bond formation between phenalenyl
and F4-TCNQ carbon atoms.
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radicals
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is a good indicator of a small U value, although DEredox and
U are solution-phase (i.e., single-molecule) and solid-state
(i.e., molecular-aggregate) properties, respectively.[1,7]


Second, the sixfold symmetry of the SOMO gives perfect or-
bital overlap in both eclipsed and staggered stacking motifs,
the latter of which is seen in 2,5,8-tri-tert-butylphenalenyl
radical,[8] thus leading to a large t value.


Recently, we demonstrated that some phenalenyl-based
closed-shell polycyclic hydrocarbons have singlet-biradical
character, in which the bis(phenalenyl radical) canonical
form largely contributes to the electronic structure in the
ground state.[9] Although singlet biradicals, whose features
of electronic structure are derived from a weak coupling of
two radical centers, are generally highly reactive species that
give dimeric or polymeric compounds,[10] the bisphenalenyl
singlet biradicals can be isolated in air by utilizing the spin-
delocalizing character of the phenalenyl radical. The most
important feature of the singlet biradicals isolated is the
substantially short p–p overlap of the phenalenyl rings in
the staggered stacking.[9b] This favorable stacking gives a
large orbital overlap between molecules; thus, large band-
widths W (=4t) are achieved in the valence and conduction
bands.[11]


The staggered stacking of the phenalenyl system would
not be limited to the radical pair, according to Kochi and
co-workers.[12] They demonstrated that a phenalenyl radical
and cation pair also forms the dimeric staggered stacking in
solution. The spirobiphenalenyl system of Haddon and co-
workers would be a good representative for the staggered
stacking based on a radical-cation pair in the solid state.[3b]


In the case of our bisphenalenyl system, monocationic spe-
cies of the singlet biradicals would have phenalenyl radical
and cation electronic structure, and a large orbital overlap


between molecules is expected as in the case of the neutral
singlet biradicals and the spirobiphenalenyl system.
To obtain further insight into the solid-state properties of


bisphenalenyl compounds, we focused on hydrocarbon 1a
(Scheme 1), which was isolated as an unstable crystalline
solid and investigated with regard to its solution-based am-
photeric redox property.[13] Herein, we describe the synthe-
sis, isolation, and characterization of phenyl derivative 1b
and assess its biradical character by structural analysis, elec-
tronic spectroscopy, and cyclic voltammetry. Furthermore,
we report the generation and solid-state properties of the
monocationic species of 1b, which is the chemistry of a
singly oxidized state of a singlet biradical.


Results and Discussion


Theoretical Consideration of Biradical Character


The molecule 1a consists of two phenalenyl radicals and an
acetylene linker and resonates with a closed-shell form
(KekulN structure), as shown in Scheme 1. This singlet com-


pound is designed so as to give low oxidation potentials and
high reduction potentials. The molecular design strongly de-
pends on the nonbonding character of the SOMO in phen-
ACHTUNGTRENNUNGalenyl radical. Under the guidance of the simple H/ckel mo-
lecular-orbital theory, the nonbonding molecular orbital has
an energy of a, whereas acetylene has well-separated fron-
tier orbitals with energies of a�1.4b.[14] According to the
perturbation theory, a pair of nonbonding SOMOs (Yp) in
two phenalenyl radicals should be perturbed slightly by the
frontier orbitals (Ya) of acetylene because of a large abso-
lute value of the denominator in the orbital-energy change
given by E=a2b2b2/[E(Yp)�E(Ya)], in which a and b are
the atomic-orbital coefficients of Yp and Ya at the linked
sites, respectively (see Supporting Information, Figure S1
for a correlation diagram of these molecular orbitals calcu-
lated with a more sophisticated method). This weak pertur-
bation by the acetylene linker leads to a small HOMO–
LUMO energy gap in 1a, which retains the nonbonding
character of phenalenyl radical. Figure 1a and b shows the
HOMO and LUMO of 1a.
The small energy gap and large spatial overlap between


the HOMO and LUMO give a chance for strong mixing of
the doubly excited configuration 1FH,H!L,L with the ground-
state configuration 1FH,H. The biradical character can be es-
timated from the extent of the admixture, because the
LUMO occupation number in a multiconfigurational wave-


Abstract in Japanese:


Scheme 1. Resonance structures of 1.
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function is a good indicator of singlet-biradical character.[15]


A perfect biradical is characterized by occupation numbers
of 1.0 for the HOMO and LUMO (i.e., y=100%), whereas
a perfect closed-shell molecule has occupation numbers of
2.0 and 0.0 for the HOMO and LUMO (i.e., y=0%), re-
spectively.[16] A CASSCFACHTUNGTRENNUNG(2,2) calculation for 1a gave
HOMO and LUMO occupation numbers of 1.86 and 0.14,
respectively. The biradical index y was determined to be
14% on the basis of the LUMO occupation number. Recent
progress of unrestricted DFT calculations in the broken-
symmetry formalism enables an approximate description of
spin structure in singlet biradicals.[17] A broken-symmetry
UB3LYP calculation for 1a showed a large spin density on
the phenalenyl rings with the same distribution pattern as
that of phenalenyl radical as shown in Figure 1c and d.
Thus, the ground state of 1a can be described by a reso-
nance structure of KekulN and biradical canonical forms
(Scheme 1).


Synthesis of Phenyl Derivative 1b


The reactive 1a can be stabilized by substituents on the
ACHTUNGTRENNUNGphenalenyl rings. Bulky substituents, however, prohibit ef-
fective p–p overlap between molecules in the solid state and
decrease the electron–electron interaction between mole-
cules. We decided to introduce phenyl groups on the 2- and
2’-positions of the rings, because it seemed unlikely that the
phenyl groups would prohibit large p–p overlap, according
to our study with the Corey–Pauling–Koltun (CPK) model.
Furthermore, small coefficients of the frontier orbitals at
these positions would not affect the electronic structure of
the parent molecule (Figure 1).
The phenyl derivative 1b was prepared according to the


procedure shown in Scheme 2. The phenyl group was intro-
duced by the reaction of 1-chloromethylnaphthalene with di-
ethyl 2-phenylmalonate. After hydrolysis and decarboxyla-
tion of 2, the resulting 3 was subjected to Friedel–Crafts cyc-
lization to give dihydrophenalenone 4. The reaction of 4
with lithium trimethylsilylacetylide followed by methylation


afforded 5 as a diastereomeric mixture. After deprotection
of the TMS group, we obtained a diastereomer of 6 in pure
form by recrystallization. The other diastereomer of 6 in-
cluded some impurities, which could not be removed by con-
ventional purification methods. The acetylide of the purified
6 was generated with EtMgBr and then treated with 4 to
give 7 as a diastereomeric mixture. Dehydration and cleav-
age of propargyl ether in the mixture 7 with a catalytic
amount of TsOH·H2O afforded dihydro precursor 8 as an
air-sensitive solid. The final target compound 1b was ob-
tained as dark-blue prisms by dehydrogenation of 8 with
DDQ. In contrast to 1a, the solid 1b was found to be stable
under atmospheric conditions for several weeks.


Determination of the HOMO–LUMO Gap of 1b


As mentioned above, a small gap and a large spatial overlap
between HOMO and LUMO are essential factors for biradi-
cal character. The HOMO–LUMO gap of 1b was estimated
by electrochemical and optical methods. The cyclic voltam-
mogram (see Supporting Information, Figure S2) of 1b gave
two reversible oxidation (E1


ox=++0.05, E2
ox=++0.42 V vs.


FcH/FcH+ ; FcH= ferrocene) and two reversible reduction
waves (E1


red=�1.44, E2
red=�1.79 V), which led to an elec-


Figure 1. a) HOMO and b) LUMO of 1a calculated with the RB3LYP/6-
31G** method; dark- and light-gray surfaces represent the relative signs
of the orbital coefficients. Spin densities of c) 1a and d) phenalenyl radi-
cal calculated with the UB3LYP/6-31G** method; dark- and light-gray
surfaces represent a and b spin densities drawn at the 0.004 eau�3 level,
respectively.


Scheme 2. Preparation of 1b. DDQ=2,3-dichloro-5,6-dicyano-p-benzo-
quinone, TBAF= tetra-n-butylammonium fluoride, TMSA= trimethyl-
silylacetylene, Ts=p-toluenesulfonyl.
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trochemical HOMO–LUMO gap of 1.49 eV.[18] The absorp-
tion spectrum of 1b in CH2Cl2 (Figure 2) afforded an in-
tense low-energy band at 15700 cm�1 (638 nm, e=


202300 cm�1mol�1L). An INDO/S calculation for 1a pre-
dicted a fully allowed HOMO–LUMO transition at
16100 cm�1 (620 nm). Thus, the optical HOMO–LUMO
energy gap was determined to be 1.94 eV. Although there is
no decisive guideline on how small an energy gap is re-
quired for singlet-biradical character, the HOMO–LUMO
gaps determined are sufficiently small according to the
Hoffman suggestion that a gap of 1.5 eV is borderline for a
triplet ground state.[19] A small HOMO–LUMO gap is rele-
vant to promotion to an energetically low-lying triplet excit-
ed state as well as singlet-biradical character. The 1H NMR
spectrum of 1b showed signal line broadening for the pro-
tons on the phenalenyl rings above room temperature (see
Supporting Information, Figure S3). This behavior might be
caused by thermal excitation to the triplet state, although
ESR signals typical for triplet species were not detected in a
powdered sample of 1b even at 400 K.[20]


Crystal Structure of 1b


Recrystallization of 1b from a solution of toluene gave
single crystals suitable for X-ray crystallography. As shown
in Figure 3, 1b has the E conformation with a parallel ar-
rangement of the two phenalenyl rings.[21] Strong bond alter-
nation was observed on the A ring of the phenalenyl rings,
especially for C13�C2 (1.460(3) R), C2�C3 (1.441(4) R),
C3�C4 (1.367(4) R), and C4�C5 (1.446(4) R). The geome-
tries of the B and C rings are similar to that of naphthalene
(see Supporting Information, Figure S4).[22] These geometri-
cal considerations on the phenalenyl rings indicate the large
contribution of the KekulN structure to the ground state. In
the cumulene moiety, however, the terminal (C1�C2
1.378(4) R) and central (C1�C1’ 1.234(5) R) double bonds
are longer and shorter than those of C ACHTUNGTRENNUNG(sp2)-substituted buta-
trienes (1.334–1.349 R for the terminal and 1.24–1.260 R for
the central),[23] respectively. More single- and triple-bond


character in the cumulene moieties suggests the biradical
contribution in the ground state.
Unfortunately, there were no p–p contacts shorter than


the sum of the van der Waals radii of the carbon atoms be-
tween molecules (Figure 4). The packing is dominated by


CH···p interactions and is quite different from that of the
polycyclic hydrocarbon with 30% biradical character men-
tioned in the Introduction,[9b] which has large p–p overlap.
The small biradical character does not afford effective inter-
molecular spin–spin interaction, and the CH···p interactions
are stronger than the weak spin–spin interaction. The non-
effective p–p overlap results in small band dispersions in all
directions (not shown). The absorption spectra of powdered
solid 1b in a KBr pellet showed no appreciable lower-
energy shift relative to the solution band (Figure 2), thus re-
flecting the small orbital overlap between molecules.


Figure 2. Optical-absorption spectra of 1b in CH2Cl2 (solid line) and KBr
pellet (dashed line).


Figure 3. ORTEP drawing of 1b with thermal ellipsoids at 50% probabil-
ity.


Figure 4. a) Crystal packing of 1b. Hydrogen atoms are omitted for clari-
ty. b) Overlap pattern of 1b. Hydrogen atoms and phenyl groups are
omitted for clarity.
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Generation of Radical Cation Species of 1b


The small electrochemical gap is a characteristic of the sin-
glet biradical 1b. Another prominent feature is the small
difference (DE) between the first and second oxidation (and
reduction) potentials. The small DE value indicates that
singly oxidized (and reduced) species of 1b have a small dis-
proportionation energy for the reaction 2;1bC+ (C�)Ð1b+


1b2+ (2�). A small disproportionation energy is known to be
an important factor for highly conductive materials.[24] Com-
pounds with weakly interacting radical centers are prone to
small DE values;[25] thus, 1bC+ and 1bC� would be good can-
didates for electroconductive materials based on the one-
electron redox species of weakly coupled electron systems.
The reaction of 1b with a slight excess (1.2 equiv) of tetra-
fluorotetracyanoquinodimethane (F4-TCNQ) gave shiny
black crystals of a charge-transfer (CT) complex composed
of 1b and F4-TCNQ (1:1). The crystal was stable under at-
mospheric conditions for several weeks. The ionicity of the
CT complex was estimated by using Raman spectroscopy,
which showed a strong peak at 1643 cm�1 assignable to the
ag n2 mode dominated by C=C stretching of the F4-TCNQ
six-membered ring. The peak position is similar to that of
the F4-TCNQ radical anion, which indicates complete
charge transfer (i.e. , ionicity=1).[26] Therefore, 1b can be
safely assigned as a monoradical cation. The spin and charge
of 1bC+ should delocalize over the entire molecule, thus re-
taining the nonbonding character of phenalenyl radical, ac-
cording to the ESR measurement of 1aC+ previously report-
ed.[27] As shown in Scheme 3, the best description of the
electronic structure of 1bC+ is the resonance of two canoni-
cal structures (1bC+)’, in which phenalenyl radical and cation
are connected through the acetylene conjugation.


Crystal Structure and Conductive Behavior of CT Complex
Around Room Temperature


X-ray crystallographic analysis of the CT complex revealed
that 1bC+ has more acetylenic character in the linker moiety
(terminal C1�C2 1.403(3) R; central C1�C1’ 1.211(4) R).[28]


Moreover, the A ring (Figure 3) showed appreciable de-
crease in bond alternation relative to the neutral 1b for the
following bonds: C13�C2 1.444(3), C2�C3 1.422(3), C3�C4
1.371(3), C4�C5 1.422(3) R. These geometric considerations


support the limiting structure (1bC+)’ in Scheme 3 for the
ground state of 1bC+ . The most important feature in the
crystal structure is the molecular packing of 1bC+ , in which
there is large p–p overlap of the phenalenyl rings with an
average distance of 3.34 R in the staggered stacking motif
(Figure 5). The molecules are completely superimposed at


the carbon positions that have large atomic-orbital coeffi-
cients in the SOMO of 1bC+ , thus leading to very effective
orbital overlap between molecules. The positive charge in-
duced by the removal of one electron lowers the CH···p in-
teraction, which is one of the dominant factors for control-
ling the packing of the neutral 1b. Besides, the attractive
force between phenalenyl radical and cation moieties, which
could be recognized as a bonding interaction similar to that
in the “p-pimer” studied thoroughly by Kochi and co-work-
ers,[12] would contribute to the characteristic overlap. The
band-structure calculation with extended H/ckel theory
(EHT) gave a relatively large dispersion (0.42 eV) for a
half-filled band along the p–p stacking direction, X (1=2, 0,
0). The electroconductivity of the CT complex was mea-
sured by using four-probe contacts on a single crystal. The
room-temperature (290 K) resistivity 1RT was about 0.7 Wcm
with metallic-like behavior down to about 280 K (Figure 6).
Semiconductive behavior at low temperature will be dis-
cussed below.


Solid-State Electronic Structure of CT Complex at Around
Room Temperature


Figure 7 shows the optical conductivity sopt of the CT com-
plex, which was obtained by Kramers–Kronig transforma-
tion of the reflection spectra of a single crystal. A broad


Scheme 3. Resonance structures of 1bC+ .


Figure 5. a) Crystal structure of the 1b–F4-TCNQ CT complex at room
temperature. Phenyl groups and hydrogen atoms are omitted for clarity.
b) Overlap pattern of 1bC+ . Hydrogen atoms are omitted for clarity.
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peak polarized along the a axis (E//a) was observed at
2600 cm�1, whereas the E?a spectrum gave a weak band
below 13000 cm�1. The low-energy broad peak (E//a) ap-
proached zero conductivity toward frequency w=0. This
finding indicates a small energy gap between the valence
and conduction bands, and, accordingly, the CT complex is
intrinsically regarded as a Mott–Hubbard insulator. Analyz-
ing the peak profile, we determined a transfer integral t=
0.09 eV and an effective on-site Coulombic repulsion Ueff=


0.61 eV.[29] The transfer integral determined gives a band-
width W (=4t) of 0.36 eV, which is consistent with the calcu-
lated dispersion of the half-filled band (0.42 eV) and is com-
parable to that of general highly conductive organic materi-
als. The effective p–p overlap on the phenalenyl rings is re-
sponsible for the relatively large band dispersion. The birad-
ical character of 1b in the neutral state is in close relation to
a weak interaction between the phenalenyl rings, thus lead-
ing to some independence of the redox centers. Hence, the
first and second oxidation waves are close in potential, and
the small Ueff value is established in the CT complex.[30] The


small Ueff/4t ratio (=1.7) is relevant to the highly conductive
behavior of the CT complex. Such highly conductive Mott
insulators, as a result of a small Ueff/4t value, have been ex-
tensively studied in TTM-TTP-I3,


[31] DMTSA-BF4,
[32] and


the spirobiphenalenyl system.[3] In particular, the spirobi-
ACHTUNGTRENNUNGphenalenyl system has a similar electronic structure to 1bC+


(i.e., weak interactions between phenalenyl radical and
cation moieties through acetylene or spiroconjugation).


Changes in Crystal and Electronic Structure at Low
Temperature


Upon cooling the CT complex below 280 K, a steep increase
in electroresistivity 1 was observed, and the sample entered
a semiconductive state with an activation energy of 0.30 eV
below 240 K. Drastic changes in optical conductivity were
observed at around 270 K (Figure 8). The lowest-energy


band at 2600 cm�1 disappeared at 265 K, and a new higher-
energy band appeared at around 5000 cm�1. This new band
was derived from isolated (i.e., monomeric) 1bC+ , because
the reaction of neutral 1b with 1.1 equivalents of tris(4-bro-
mophenyl)aminium hexachloroantimonate in CH2Cl2 at
room temperature gave a low-energy intense band at
5550 cm�1 (see Supporting Information, Figure S5), which
was assigned to a SOMO–LUMO transition of 1bC+ accord-
ing to the INDO/S calculation.[33] Thus, the semiconductive
state at low temperature loses the delocalizing character of
an electron in the p–p one-dimensional chain along the a
axis, and the electron localizes on one 1bC+ molecule. X-ray
crystallographic analysis at 90 K strongly supports this
idea.[34] At 90 K, s bonds are formed between C(CN)2 of F4-
TCNQ and a phenalenyl carbon (C6 position in Figure 3).
Figure 9 shows packing diagrams at room temperature and
90 K. The unit cell at 90 K is almost three times larger in
volume than that at room temperature; thus, the cell should
consist of three 1b and three F4-TCNQ fragments. Within
the unit cell, two 1b molecules react with one F4-TCNQ


Figure 6. Single-crystal resistivity of 1b–F4-TCNQ as a function of
ACHTUNGTRENNUNGtemperature. Inset: Resistivity at around room temperature.


Figure 7. Optical conductivity sopt of 1b–F4-TCNQ at room temperature
obtained with light polarized along (solid line) and perpendicular
(dashed line) to the a axis on the single-crystal (001) face.


Figure 8. Variable-temperature optical conductivities sopt of 1b–F4-TCNQ
obtained with light polarized along the a axis on the single-crystal (001)
face.
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molecule, and one 1b and two F4-TCNQ molecules retain
the original structure observed at room temperature. An un-
paired electron localizes on the one 1bC+ molecule un-
changed structurally, which is responsible for the higher-
energy band at 5000 cm�1 at low temperature. Notably, the
optical and structural changes as a function of temperature
are reversible.


Conclusions


We have prepared and characterized the bisphenalenyl
system 1b connected by acetylene, and confirmed its biradi-
cal character theoretically and experimentally. The two
ACHTUNGTRENNUNGphenalenyl rings weakly perturbed by the acetylene linker
are somewhat independent, which results in the small dis-
proportionation energy DE of 1bC+ and the small on-site
Coulombic repulsion Ueff in the CT complex of 1b and F4-
TCNQ. The characteristic staggered stacking on the phen-
ACHTUNGTRENNUNGalenyl rings was established in the one-dimensional infinite
chain of 1bC+ in the CT complex; consequently, a large
transfer integral t was obtained. The electronic structure of
the phen ACHTUNGTRENNUNGalenyl radical, which is characterized by the highly
symmetric nonbonding SOMO, largely contributes to the
small Ueff/4t ratio and, accordingly, to the metallic-like con-
ductive behavior at around room temperature in the CT
complex. Unfortunately, the CT complex showed a steep in-
crease in resistivity below 280 K due to s-bond formation
between 1b and F4-TCNQ. However, this bond formation
would be suppressed by the exchange of F4-TCNQ with in-
organic counteranions such as BF4


�, ClO4
�, and SbCl6


�.
Mott insulators have a strong correlation of electrons, which
has attracted much interest over the decades not only in the


fundamental physical understanding of the metal–insulator
transition[35a] but also in the development of high-Tc super-
conductive materials.[35b,c,d] Our study demonstrated that
monocationic species of bisphenalenyl molecules might be
promising compounds for highly conductive Mott insulators.
Phenalenyl-based singlet biradicals have the characteristic
feature of weakly coupled electrons together with potential-
ly effective p–p overlap; this unusual electronic structure
should play an important role in the rational search for new
functional properties.


Experimental Section


General


All experiments with moisture- or air-sensitive compounds were per-
formed in anhydrous solvents under argon atmosphere in well-dried
glassware. Dried solvents were prepared by distillation under argon. An-
hydrous ethanol was dried and distilled over Mg/I2. THF was dried and
distilled over sodium/benzophenone. Benzene, dichloromethane, toluene,
and 1,2-dichloroethane were dried and distilled over calcium hydride.
Column chromatography was performed with silica gel 60 (Merck). The
products 5 and 7 were mixtures of diastereomers. The diastereomeric
mixture of 5 was used for the following deprotection, and the individual
isomers of the deprotected product 6 were isolated. The individual iso-
mers of 7 were not isolated for further transformations because all the
isomers could lead to the single compound 1b. Infrared spectra were re-
corded on a JASCO FT/IR-660M spectrometer. Electronic spectra were
recorded with a Shimadzu UV-3100PC spectrometer. 1H NMR spectra
were obtained on JEOL EX-270 and LAMBDA-500 spectrometers. Posi-
tive EI and FAB mass spectra were obtained by using Shimadzu QP-
5000 and JEOL JMS SX-102 mass spectrometers. Polarized reflection
spectra in the infrared and visible regions were observed by using two
spectrometers combined with a microscope: Nicolet Magna 760 FTIR
spectrometer (600–12000 cm�1) and Atago Macs 320 multichannel detec-
tion system (11000–30000 cm�1). The absolute reflectivity was deter-
mined by comparing the reflected light from a gold mirror and silicon
single crystal, respectively. The single crystal was fixed with silicone
grease on a copper sample holder, and the crystal face was adjusted to be
normal to the incident light by use of the goniometer head. Low-temper-
ature spectra were obtained by using an Oxford CF1104 helium-flow
cryostat. Optical-conductivity spectra were calculated from the infrared
reflection spectra with Kramers–Kronig analysis.[36] Raman spectra were
obtained with JASCO NR-1800 spectrometer. Four-probe direct-current
resistance measurements were made on a single crystal, and electrical
contacts to the crystal were made with a 25-mm gold wire and gold paint.
Data collection for X-ray crystal analysis were performed on a Rigaku/
MSC Mercury CCD diffractometer (MoKa, l=0.71069 R). The structure
was solved with direct methods and refined with full-matrix least squares
(teXsan). Cyclic voltammetry was performed with a BAS CV-50W elec-
trochemical analyzer. The cyclic voltammogram of 1b (5;10�4m) was re-
corded with a glassy carbon working electrode and a Pt counterelectrode
in CH2Cl2 containing 0.1m Bu4NClO4 as supporting electrolyte. The ex-
periments employed an Ag/AgNO3 reference electrode. Electrochemical
experiments were done under nitrogen atmosphere at room temperature.


Computational Details


All DFT calculations were performed with the Gaussian 98 program.[37]


All geometry optimizations were carried out at the B3LYP level of
theory with the 6–31G** basis set and C2h symmetry constrains. Singlet-
biradical character was estimated by using the CASSCF ACHTUNGTRENNUNG(2,2) method in
RB3LYP-optimized geometry, and by using the broken-symmetry
UB3LYP/6–31G** method along with geometry optimization. The band-
structure calculation was performed with the extended HMO method by
using the YAeHMOP package[38] in X-ray crystallographic geometry.
INDO/S calculations were conducted with the CAChe Ver. 4.5 software.


Figure 9. Crystal packing of 1b–F4-TCNQ at a) room temperature and
b) 90 K. The green lines at 90 K represent the s bonds formed between
1b and F4-TCNQ. The red molecules at 90 K are the radical-cation spe-
cies 1bC+ , each of which is crystallographically identical.


1376 www.chemasianj.org L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1370 – 1379


FULL PAPERS
T. Kubo, Y. Morita, K. Nakasuji et al.







Syntheses


2 : A solution of sodium ethoxide was freshly prepared from anhydrous
ethanol (15 mL) and sodium (0.54 g, 23 mmol) in a 100-mL three-necked
round-bottomed flask at room temperature. Diethyl phenylmalonate
(5.0 mL, 23 mmol) was added to the colorless solution, and the mixture
was stirred for 1 h under argon atmosphere. A solution of 1-chlorometh-
ACHTUNGTRENNUNGylnaphthalene (2.9 mL, 19 mmol) in ethanol (anhydrous, 10 mL) was
added by cannula, and the reaction mixture was stirred overnight. Most
of the ethanol was distilled off under reduced pressure, and the residue
was mixed with water and ethyl acetate. The organic layer was separated,
washed with aqueous NH4Cl and brine, dried over Na2SO4, and filtered.
The filtrate was concentrated in vacuo. Recrystallization from hexane
gave 2 (5.9 g, 83%) as colorless blocks. Rf=0.43 (benzene); m.p.: 84–
85 8C; IR (KBr): ñ =1732, 1227 cm�1; 1H NMR (270 MHz, CDCl3): d=


1.16 (t, J=7.2 Hz, 6H), 4.07–4.24 (m, 6H), 7.08–7.29 (m, 8H), 7.32–7.39
(m, 1H), 7.62 (d, J=8.6 Hz, 1H), 7.68 (d, J=8.1 Hz, 1H), 7.75 ppm (d,
J=7.9 Hz, 1H); MS (EI): m/z (%)=376 (2) [M]+ , 229 (9), 141 (100)
[M�PhCACHTUNGTRENNUNG(COOC2H5)2]


+ ; elemental analysis: calcd (%) for C24H24O4: C
76.57, H 6.43; found: C 76.57, H 6.42.


3 : Ethyl ester 2 (5.9 g, 16 mmol) was suspended in ethanol (35 mL) in a
200-mL round-bottomed flask. A solution of potassium hydroxide (4.7 g,
84 mmol) in water (19 mL) was added to the suspension, and the mixture
was heated under reflux at 90 8C for 1 h. Most of the ethanol was distilled
off, then aqueous HCl was added to acidify the solution, and the mixture
was heated under reflux at 105 8C for 1 h. The aqueous mixture was ex-
tracted repeatedly with diethyl ether. The combined organic layer was
washed with brine, dried over Na2SO4, and filtered. The solvent was re-
moved in vacuo to give the colorless solid 3 (4.5 g). This material was
used for the next reaction with no purification. Rf=0.49 (hexane/ethyl
acetate=1:1); 1H NMR (270 MHz, CDCl3): d =3.47 (dd, J=6.3, 14.0 Hz,
1H), 3.91 (dd, J=8.3, 14.0 Hz, 1H), 4.06 (dd, J=6.3, 8.3 Hz, 1H), 7.18
(d, J=6.9 Hz, 1H), 7.24–7.35 (m, 6H), 7.44–7.52 (m, 2H), 7.70 (d, J=


8.0 Hz, 1H), 7.83–7.87 (m, 1H), 7.98–8.01 ppm (m, 1H).


4 : A mixture of 3 (4.5 g, 16 mmol) and oxalyl chloride (40 mL) was
heated at 82 8C for 1 h in a 200-mL three-necked round-bottomed flask
under argon atmosphere. After removal of excess oxalyl chloride under
reduced pressure, the residue was dissolved in dichloromethane (50 mL),
and the mixture was cooled to �78 8C. Aluminum chloride (2.69 g,
20 mmol) was added to the cooled solution in one portion, and the reac-
tion mixture was stirred for 2.5 h while being slowly warmed to �40 8C.
Aqueous HCl (3n) was added to the mixture, and the organic layer was
separated. The aqueous layer was extracted with dichloromethane. The
combined organic layer was washed with aqueous HCl (3n) and saturat-
ed aqueous NaHCO3, dried over Na2SO4, and filtered. The solvent was
removed in vacuo. After column chromatography on silica gel (benzene),
4 (2.5 g, 61%, 2 steps) was obtained as a pale-yellow solid. Further purifi-
cation was done by recrystallization from benzene/hexane to give pale-
yellow needles. Rf=0.34 (benzene); m.p.: 149–151 8C; IR (KBr): ñ=


1680 cm�1; 1H NMR (270 MHz, CDCl3): d=3.66–3.83 (m, 2H), 4.25 (dd,
J=6.6, 9.2 Hz, 1H), 7.22–7.35 (m, 5H), 7.48–7.56 (m, 2H), 7.61 (dd, J=


7.2, 8.2 Hz, 1H), 7.81–7.85 (m, 1H), 8.10 (dd, J=1.3, 8.0 Hz, 1H),
8.21 ppm (dd, J=1.3, 7.2 Hz, 1H); MS (EI): m/z (%)=258 (100) [M]+ ,
181 (34) [M�C6H5]


+ ; elemental analysis: calcd (%) for C19H14O: C 88.34,
H 5.46; found: C 88.34, H 5.33.


5 : n-Butyl lithium (1.6m in hexane, 4.9 mL, 7.8 mmol) was added slowly
to a solution of bis(trimethylsilyl)acetylene (1.8 mL, 7.9 mmol) in THF
(5.0 mL) at �78 8C in a 50-mL Schlenk tube under argon atmosphere.
The reaction mixture was warmed to room temperature and stirred for
2 h to generate lithium trimethylsilylacetylide. The reaction mixture was
cooled to �78 8C again, and a solution of 4 (1.0 g, 3.9 mmol) in THF
(10 mL) was added dropwise by cannula. After 0.5 h (complete consump-
tion of 4 was checked with TLC), dimethyl sulfate (1.3 mL, 14 mmol)
was added, and the mixture was stirred for 9 h at room temperature.
Water was added, and the mixture was stirred vigorously to hydrolyze
the excess dimethyl sulfate. Diethyl ether was added to the mixture, and
the organic layer was separated. The aqueous layer was extracted repeat-
edly with diethyl ether. The combined organic layer was washed with sa-
turated aqueous NaHCO3 and brine, dried over Na2SO4, and filtered.


The solvent was removed in vacuo, and the residue was passed through a
short pad of silica gel (hexane/ethyl acetate=5:1 v/v) to give 5 as a color-
less or pale-green oil (1.6 g, crude). This material was a mixture of two
diastereomers (5a and 5b) and was used for the next reaction without
further purification. The two diastereomers could be separated for struc-
tural analysis by using repeated column chromatography on silica gel
(hexane/ethyl acetate=10:1). 5a : Rf=0.73 (hexane/ethyl acetate=4:1);
1H NMR (270 MHz, CDCl3): d=0.08 (s, 9H), 3.08 (s, 3H), 3.08–3.16 (m,
1H), 3.39–3.45 (m, 1H), 3.98–4.08 (m, 1H), 7.27–7.36 (m, 4H), 7.40–7.53
(m, 4H), 7.74 (d, J=8.2 Hz, 1H), 7.86 (dd, J=0.6, 7.7 Hz, 1H), 7.94 ppm
(dd, J=1.3, 7.1 Hz, 1H); MS (EI): m/z (%)=370 (6) [M]+ , 338 (47)
[M�CH3OH]+ , 265 (100). 5b : Rf=0.64 (hexane/ethyl acetate=4:1);
1H NMR (270 MHz, CDCl3): d=0.12 (s, 9H), 3.17 (s, 3H), 3.40 (dd, J=


4.1, 16.5 Hz, 1H), 3.70–3.74 (m, 1H), 3.83 (dd, J=5.9, 16.5 Hz, 1H),
7.00–7.14 (m, 5H), 7.31–7.35 (m, 1H), 7.42–7.53 (m, 2H), 7.75 (d, J=


7.9 Hz, 1H), 7.80 (dd, J=1.2, 7.2 Hz, 1H), 7.84 ppm (dd, J=1.2, 8.2 Hz,
1H); MS (EI): m/z (%)=370 (9) [M]+ , 338 (44) [M�CH3OH]+ , 265
(100).


6 : TBAF (1.0m in THF, 4.0 mL, 4.0 mmol) was added to a solution of the
diastereomeric mixture 5 (1.6 g, crude, 3.9 mmol) in THF (5 mL) in a
100-mL round-bottomed flask, and the mixture was stirred for 5 min at
room temperature. After addition of aqueous NH4Cl, the mixture was ex-
tracted repeatedly with diethyl ether. The combined organic layer was
washed with brine, dried over Na2SO4, and filtered. The filtrate was con-
centrated in vacuo. The residue was purified by column chromatography
on silica gel (hexane/dichloromethane=2:1 v/v). Two diastereomers, 6a
(colorless oil, 0.33 g, 28%) and 6b (pale-yellow solid), were obtained.
Compound 6a included some impurities, which could not be removed by
column chromatography or recrystallization. On the other hand, 6b was
purified by recrystallization from benzene/hexane to give colorless blocks
(0.52 g, 43%). 6a : Rf=0.42 (hexane/dichloromethane=2:1); 1H NMR
(270 MHz, CDCl3): d=2.60 (s, 1H), 3.12 (s, 3H), 3.13 (dd, J=4.0, 16 Hz,
1H), 3.45 (dd, J=4.0, 13 Hz, 1H), 3.95–4.06 (m, 1H), 7.30–7.57 (m, 8H),
7.76 (d, J=8.1 Hz, 1H), 7.88 (dd, J=1.1, 8.3 Hz, 1H), 7.96 ppm (dd, J=


1.2, 7.1 Hz, 1H); MS (EI): m/z (%)=298 (4) [M]+, 266 (64)
[M�CH3OH]+ , 189 (100). 6b : Rf=0.29 (hexane/dichloromethane=2:1);
m.p.: 150–151 8C; IR (KBr): ñ=3296, 2110 cm�1; 1H NMR (270 MHz,
CDCl3): d = 2.69 (s, 1H), 3.19 (s, 3H), 3.39 (dd, J=4.4, 16 Hz, 1H),
3.74–3.88 (m, 2H), 7.01–7.16 (m, 5H), 7.28–7.33 (m, 1H), 7.41–7.52 (m,
2H), 7.76 (d, J=7.9 Hz, 1H), 7.84–7.89 ppm (m, 2H); MS (EI): m/z
(%)=298 (7) [M]+ , 266 (64) [M�CH3OH]+ , 189 (100); elemental analy-
sis: calcd (%) for C22H18O: C 88.56, H 6.08; found: C 88.56, H 5.98.


7: EtMgBr (1.0m in THF, 1.2 mL, 1.2 mmol) was added to a solution of
6b (0.3 g, 1.0 mmol) in THF (1.2 mL) in a 20-mL Schlenk tube, and the
mixture was stirred for 0.5 h at room temperature under argon atmos-
phere. The reaction mixture was cooled to 0 8C, and a solution of 4
(0.26 g, 1.0 mmol) in THF (2.8 mL) was added dropwise by cannula. The
mixture was allowed to warm to room temperature and stirred for 1.5 h.
After addition of aqueous NH4Cl, the mixture was extracted repeatedly
with diethyl ether. The combined organic layer was washed with brine,
dried over Na2SO4, and filtered. The filtrate was concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(hexane/dichloromethane=2:1–0:1 v/v) to give 7 (282 mg, 51%), which
included three isomers (7a, 7b, and 7c). This diastereomeric mixture was
used for the next reaction without further purification. However, each
isomer could be separated for structural analysis by using repeated
column chromatography on silica gel (hexane/dichloromethane=1:1 v/v).
7a : Rf=0.27 (hexane/ethyl acetate=6:1); 1H NMR (270 MHz, CDCl3):
d=2.07 (s, 1H), 2.87 (s, 3H), 3.11–3.25 (m, 2H), 3.40 (dd, J=3.4, 13 Hz,
1H), 3.65–3.71 (m, 2H), 3.82–3.92 (m, 1H), 6.90–6.94 (m, 2H), 7.02–7.16
(m, 3H), 7.22–7.32 (m, 6H), 7.36–7.49 (m, 7H), 7.71–7.85 ppm (m, 4H);
MS (EI): m/z (%)=556 (16) [M]+ , 152 (100). 7b : Rf=0.22 (hexane/ethyl
acetate=6:1); 1H NMR (270 MHz, CDCl3): d =2.45 (s, 1H), 2.96 (s, 3H),
3.16–3.24 (m, 2H), 3.33 (dd, J=3.6, 12 Hz, 1H), 3.56–3.68 (m, 3H), 6.69–
6.82 (m, 4H), 6.94–7.00 (m, 1H), 7.15–7.31 (m, 8H), 7.36–7.55 (m, 4H),
7.71 (d, J=8.2 Hz, 1H), 7.77–7.85 ppm (m, 4H); MS (EI): m/z (%)=557
(12) [M+H]+ , 556 (10) [M]+ , 152 (100). 7c : Rf=0.17 (hexane/ethyl ace-
tate=6:1); 1H NMR (270 MHz, CDCl3): d=2.42 (s, 1H), 2.99 (s, 3H),
2.97–3.12 (m, 2H), 3.18–3.36 (m, 2H), 3.43–3.48 (m, 2H), 6.51 (br d, J=
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7.3 Hz, 2H), 6.77–6.83 (m, 2H), 6.93 (br d, J=7.4 Hz, 2H), 7.01–7.14 (m,
3H), 7.20–7.29 (m, 2H), 7.41–7.59 (m, 6H), 7.76–7.89 ppm (m, 5H); MS
(EI): m/z (%)=557 (12) [M+H]+ , 556 (11) [M]+ , 152 (100).


8 : A solution of the diastereomeric mixture 7 (282 mg, 0.51 mmol) in
benzene (10 mL) was heated under reflux at 95 8C under argon atmos-
phere in a 100-mL two-necked round-bottomed flask. TsOH·H2O (5 mg,
0.03 mmol) was added to the solution, and the reaction mixture was
heated under reflux for 5 min. The mixture was then cooled in an ice
bath. The crude product was purified with flash column chromatography
on silica gel (dichloromethane). The solvent was removed in vacuo, and
the dehydrated compound 8 was obtained as an air-sensitive dark-gray-
ish-violet powder (244 mg). Rf=0.29 (hexane/benzene=2:1); MS (EI):
m/z (%)=506 (16) [M]+ , 252 (100).


1b : A solution of 8 (244 mg, 0.48 mmol) in benzene (100 mL) was heated
under reflux at 95 8C under argon atmosphere in a 200-mL round-bot-
tomed flask. DDQ (120 mg, 0.53 mmol) was added to the solution, and
the reaction mixture was heated under reflux for 10 min. The mixture
was then cooled in an ice bath. The crude product was purified by
column chromatography on silica gel (dichloromethane) to give 1b
(220 mg, 92%, 2 steps) as a dark-grayish-blue powder. Further purifica-
tion was done by recrystallization from toluene to give dark-blue prisms.
Rf=0.32 (hexane/benzene=2:1); m.p.: >300 8C; Raman: 2014 cm�1;
1H NMR (500 MHz, CDCl3): d =6.59 (d, J=8.0 Hz, 2H), 6.94 (s, 2H),
7.01 (t, J=8.0 Hz, 2H), 7.22 (d, J=8.0 Hz, 2H), 7.30 (t, J=8.0 Hz, 2H),
7.45–7.50 (m, 4H), 7.50–7.54 (m, 4H), 7.57–7.63 ppm (m, 6H); MS (EI):
m/z (%)=504 (5) [M]+ , 252 (100); elemental analysis: calcd (%) for
C40H24: C 95.21, H 4.79; found: C 95.11, H 4.72.


CT complex of 1b and F4-TCNQ: Crystals of 1b (1.5 mg, 3.0;
10�3 mmol) and F4-TCNQ (1.0 mg, 3.6;10�3 mmol) were placed at the
bottom of each side of an H-shaped tube. Diffusion in toluene (10 mL)
at 20 8C for about one week afforded the CT complex as black plates
suitable for X-ray analysis. M.p.: >300 8C; Raman: 2172, 1643 cm�1; ele-
mental analysis: calcd (%) for C52H24F4N4: C 79.99, H 3.10, N 7.18;
found: C 80.30, H 3.25, N 6.89. Diffusion of 1b and F4-TCNQ in 1,2-di-
chloroethane (10 mL) at 20 8C also gave single crystals of the CT com-
plex, which were used for polarized reflection spectroscopy and electro-
conductivity measurements. The crystals from toluene and 1,2-dichloro-
methane had the same crystal structures according to X-ray analysis.


Generation of 1bC+ for electronic absorption spectroscopy: A solution of
tris(4-bromophenyl)aminium hexachloroantimonate in CH2Cl2 (1.8;
10�5m, 2.2 mL) was added to a solution of 1b in CH2Cl2 (1.8;10�5m,


2 mL) at room temperature. The resulting pale-green solution was used
to obtain the electronic absorption spectrum.
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Extended Architectures Constructed from Sandwich Tetra-Metal-Substituted
Polyoxotungstates and Transition-Metal Complexes


Shou-Tian Zheng,[a] Ming-Hui Wang,[b] and Guo-Yu Yang*[a]


Introduction


The preparation of extended polyoxometalate (POM)-based
materials is of great interest not only from a structural point
of view, but also because of their variety of applications in
fields such as catalysis, electrical conductivity, and biological
chemistry.[1] However, the technique of linking POM clus-
ters with suitable bridging units to generate extended POM-
based solids with desirable properties is in its infancy. An ef-
fective method is the reaction of POM cluster units with
transition-metal (TM)–organoamine complexes under hy-
drothermal conditions. This method has been utilized to
make many organic–inorganic hybrid extended structures


based on polyoxovanadate or polyoxomolybdate clusters,
such as V16O38,


[2] V18O42,
[3] Mo8O26,


[4] Mo12O40,
[5] Mo8V8O44,


[6]


and so on.[7] Typical examples include one-dimensional [Ni-
ACHTUNGTRENNUNG(2,2’-bpy)2Mo4O13],


[4a] [Cu ACHTUNGTRENNUNG(enMe)2]3ACHTUNGTRENNUNG[V15O36Cl]·2.5H2O,[7a]


and (H2en)2[{Cu(en)ACHTUNGTRENNUNG(OH2)}Mo5P2O23]·4H2O,[7b] two-dimen-
sional [Co(en)2][Co ACHTUNGTRENNUNG(bpy)2]2[PMo8V8O44]·4.5H2O


[6a] and
[M2(en)5][{M(en)2}2V18O42(X)]·9H2O (M=Zn, Cd; X=H2O,
Cl, Br),[3b] and three-dimensional [{Cu ACHTUNGTRENNUNG(enMe)2}7ACHTUNGTRENNUNG{V16O38-
(H2O)}2]·4H2O


[2a] and [NiACHTUNGTRENNUNG(4,4’-bpy)2]2 ACHTUNGTRENNUNG[V16O38Cl] ACHTUNGTRENNUNG(4,4’-
bpy)·6H2O


[2c] (bpy=bipyridine, en=ethylene diamine).
Nevertheless, the synthesis of high-dimensional POM-based
solids (2D and 3D) still eludes researchers because it is one
of the great challenges facing chemists. The compounds
[Zn2(en)5]{[Zn(en)2]ACHTUNGTRENNUNG[(bpe)HZn2As8V12O40ACHTUNGTRENNUNG(H2O)]2}·7H2O


[8a]


(bpe=1,2-bis(4-pyridyl)ethane), [Cu4V18O42 ACHTUNGTRENNUNG(NO3) ACHTUNGTRENNUNG(enMe)8]·
10H2O, and [Cu4V18O42 ACHTUNGTRENNUNG(SO4) ACHTUNGTRENNUNG(enMe)8]·10H2O


[8b] are recent
examples. The first is made up of novel arsenic–vanadium
clusters linked by the zinc complexes into a 2D framework,
whereas the latter two exhibit two rare 3D structures con-
structed from well-defined {V18O42} clusters and copper com-
plexes.


Although many examples of polyoxovanadate/-molybdate
clusters linked into 1D, 2D, and 3D materials have already
been reported, the linking of polyoxotungstate (POT) clus-
ters with TM–organoamine complexes into extended struc-
tures remains largely unexplored, being only recently per-
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Abstract: Three unprecedented 2D ar-
chitectures made up of sandwich-type
tetra-metal-substituted polyoxotung-
ACHTUNGTRENNUNGstates and transition-metal complexes,
[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2{[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2-
[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)2]2ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(SiW9O34)2]}·
5H2O (1; dien=diethylenetriamine),
[Zn(enMe)2(H2O)]2{[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG[Zn4-
(HenMe)2ACHTUNGTRENNUNG(PW9O34)2]}·8H2O (2 ; enMe
=1,2-diaminopropane), and [ZnACHTUNGTRENNUNG(enMe)2-
(H2O)]4[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG{(enMe)2ACHTUNGTRENNUNG{[Zn-
(enMe)2]2ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(HSiW9O34)2]} ACHTUNGTRENNUNG{[Zn-


(enMe)2ACHTUNGTRENNUNG(H2O)]2ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(HSiW9O34)2]}}·
13H2O (3) were hydrothermally syn-
thesized and structurally characterized
by elemental analysis, IR spectroscopy,
thermogravimetric analysis, and single-
crystal X-ray diffraction. Compound 1


consists of anions [Cu4ACHTUNGTRENNUNG(SiW9O34)2]
12�


linked by copper complexes into a 2D
structure, whereas 2 is constructed
from novel inorganic–organic hybrid
anions [Zn4ACHTUNGTRENNUNG(HenMe)2ACHTUNGTRENNUNG(PW9O34)2]


8�


linked by zinc complexes into a 2D
structure. The most interesting is the
unique 2D network 3, which consists of
anions [Zn4ACHTUNGTRENNUNG(PW9O34)2]


10� with two
types of bridging groups: zinc com-
plexes and enMe ligands.


Keywords: coordination polymers ·
organic–inorganic hybrid compo-
sites · polyoxometalates · sandwich
complexes · tungsten
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formed and restricted to several examples based on
XW11O39 (X=Cu, Ni)[9] or W12O40


[10] clusters. For example,
Wang and co-workers prepared a unique 3D chiral frame-
work assembled from W12O40 clusters and chiral copper
complexes.[10a]


The exploration of high-dimensional frameworks based
on other POT clusters with metal–organic moieties is there-
fore attractive. To date, numerous sandwich M4-substituted
POTs, [M4ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(XW9O34)2]


n� (X=Si, P, As; M=Mn, Fe,
Co, Ni, Cu, Zn), have been prepared by conventional solu-
tion synthesis at atmospheric pressure and relatively low
temperature (below 100 8C).[11] Compared with the above-
mentioned well-defined polyoxovanadate/-molybdate clus-
ters, these sandwich M4-substituted POT anions have a
larger volume and a more-negative charge, which allow the
formation of higher coordination numbers with TM cations.
Hence, these sandwich POT anions may be effective precur-
sors for making high-dimen-
sional solids. However, almost
all the reported M4-sandwiched
POTs are, in fact, discrete
structures. Although Cronin
and co-workers described the
first 2D hybrid network con-
structed from sandwich [Mn4-
(PW9O34)2]


10� clusters and
sodium complexes quite re-
cently,[12] no high-dimensional
framework based on sandwich
M4-substituted POTs and TM
complexes have been reported
so far. Therefore, the prepara-
tion of such solids is an inter-
esting and rewarding challenge.
We attempted to make such
solids by using trilacunary
Keggin XW9O34 (X=Si, P)
fragments as precursors under
hydrothermal conditions. This
is based on the following con-
siderations: 1) hydrothermal-
synthesis techniques have been
demonstrated to be a powerful
tool for making extended


POM-based solids,[2–10] 2) our recent work proved that the
trilacunary Keggin XW9O34 precursors can exist under hy-
drothermal conditions and only undergo the isomerization
{A-a-XW9O34}!{B-a-XW9O34} during the course of the re-
actions,[13] and 3) under suitable conditions, these precursors
have a strong tendency to form dimeric sandwich M4-substi-
tuted POT anions that further act as secondary structural
building units. During the course of our investigation, we
successfully obtained three inorganic–organic hybrid 2D
POMs that involve sandwich M4-substituted POTs inter-
linked by TM complexes under hydrothermal conditions:
[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2{[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2[Cu-
ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)2]2ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(SiW9O34)2]}·5H2O (1), [Zn ACHTUNGTRENNUNG(enMe)2-
(H2O)]2{[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(HenMe)2 ACHTUNGTRENNUNG(PW9O34)2]}·8H2O (2),
and [ZnACHTUNGTRENNUNG(enMe)2ACHTUNGTRENNUNG(H2O)]4[Zn ACHTUNGTRENNUNG(enMe)2]2{(enMe)2{[Zn(enMe)2]2-
[Zn4(HSiW9O34)2]}{[Zn(enMe)2(H2O)]2[Zn4ACHTUNGTRENNUNG(HSiW9O34)2]}}·
13H2O (3) (dien=diethylene triamine).


Results and Discussion


Crystallographic data for 1–3 are presented in Table 1. Se-
lected bond lengths are listed in Table 2. X-ray analysis re-
veals that the 2D structure 1 is constructed from sandwich
Cu4-substituted polyoxoanions [Cu4 ACHTUNGTRENNUNG(SiW9O34)2]


12� (1a) and
copper complexes. As shown in Figure 1a, 1a is made up of
two trilacunary [B-a-SiW9O34]


10� moieties linked by four
Cu2+ ions, which results in a sandwich structure with ideal-
ized Ci symmetry. Interestingly, in the central Cu4 core (Fig-
ure 1c and d), the crystallographic independent Cu1 and
Cu2 ions exhibit different configurations. Cu2 is bonded to


Abstract in Chinese:


Table 1. Crystallographic data for 1–3.


Compound 1 2 3


Empirical formu-
la


C24H104Cu10N18O81Si2W18 C30H122N20O78P2W18Zn8 C66H262N44O155Si4W36Zn18


Mr 5942.05 5905.69 12060.82
Crystal system monoclinic triclinic triclinic
Space group C2/c P1̄ P1̄
a [P] 34.240(3) 13.346(3) 17.597(3)
b [P] 13.360(1) 14.157(4) 18.433(3)
c [P] 25.166(2) 17.321(5) 19.164(3)
a [8] 90 113.528(4) 91.185(1)
b [8] 109.637(3) 106.4960(10) 107.674(2)
g [8] 90 90.882(2) 100.775(2)
V [P3] 10842.9(14) 2845.9(13) 5798.4(17)
Z 4 1 1
1 [gcm�3] 3.640 3.446 3.453
m [mm�1] 21.048 19.883 19.715
F ACHTUNGTRENNUNG(000) 10683 2670 5462
Crystal size
[mm3]


0.35Q0.25Q0.15 0.10Q0.09Q0.08 0.23Q0.14Q0.14


Limiting indices �41�h�41, �16�k�15,
�30� l�29


�17�h�16, �12�k�18,
�22� l�22


�21�h�22, �23�k�19,
�24� l�24


GOF on F2 1.071 1.024 1.060
R1,[a] wR2[b]


(I>2s(I))
0.0593, 0.1502 0.0368, 0.0865 0.0433, 0.1093


R1,[a] wR2[b] (all
data)


0.0657, 0.1556 0.0489, 0.0945 0.0524, 0.1150


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[wACHTUNGTRENNUNG(Fo
2�Fc


2)2/�[w ACHTUNGTRENNUNG(Fo
2)2]]


1=2 ; w=1/[s2
ACHTUNGTRENNUNG(Fo


2)+ (xP)2 +yP], P= (Fo
2 +


2Fc
2)/3, x=0.0884, 0.0535, 0.0597 for 1–3, respectively, and y=541.8610, 0.5699, 0.0000 for 1–3, respectively.
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six oxygen atoms from 1a moieties to form a distorted octa-
hedron, whereas Cu1 is defined by five O atoms from 1a
moieties to form a distorted square pyramid. Thus, two
CuO6 octahedra and two CuO5 square pyramids are linked
together by sharing edges to form an unexpected defective
rhombic Cu4 unit, which differs from the usual rhombic M4


units with four edge-sharing MO6 octahedra in many report-
ed sandwich M4-substituted POTs (Figure 1e and f).[11]


Each 1a moiety acts as an octadentate ligand that coordi-
nates to eight Cu2+ ions through six terminal O and two m2-
O atoms with Cu�O distances of 2.50(1)–2.78(1) P (Fig-
ure 1b). The eight copper ions can be divided into two
classes according to their roles as bridging and decorating
groups. The bridging groups, which include Cu3 and its sym-
metry-equivalent atoms Cu3A–Cu3C, are octahedrally coor-
dinated by three equatorial N donors of a dien ligand, one
equatorial H2O molecule, and two trans-oxo ligands from
two adjacent 1a clusters. The axial Cu�O bonds (Cu�O:
2.72(1)–2.78(1) P) are considerably longer than the equato-
rial Cu�O or Cu�N bonds (Cu�O: 1.95(2) P; Cu�N:
1.96(2)–2.00(1) P) owing to Jahn–Teller distortion. On the
other hand, the decorating Cu atoms, which include Cu4
and Cu5 and their symmetry-equivalent atoms Cu4A and
Cu5A, display two different coordination environments: Cu-
ACHTUNGTRENNUNG(4,4A)N3O2 square pyramids and CuACHTUNGTRENNUNG(5,5A)N3O3 octahedra.
The equatorial positions of each CuN3O2 square pyramid
are occupied by three N atoms from a dien ligand and one
water molecule (Cu�N: 1.95(2)–1.99(5) P; Cu�O:
2.19(1) P), and the axial position is occupied by one termi-
nal oxo ligand from 1a clusters (Cu�O: 2.50(1) P). Similar-
ly, the equatorial plane of the CuN3O3 octahedra is defined
by three N donors from a dien ligand and one water mole-
cule (Cu�N: 1.93(2)–2.04(2) P; Cu�O: 2.00(2) P), but the
axial positions are occupied by one terminal oxo ligand and
one water molecule (Cu�O: 2.72(3)–2.73(2) P). Thus, the
extended structure of 1 can be described as follows: each 1a
moiety is decorated by two [Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2+ and two [Cu-
ACHTUNGTRENNUNG(dien)]2+ complexes that are not further connected to adja-
cent 1a clusters, thus forming a novel tetra-TM-supported
polyoxoanion. Furthermore, these TM-supported polyoxo-
anions are bridged by another four [CuACHTUNGTRENNUNG(dien)]2+ complexes
through terminal oxo atoms along both the [011] and [01�1]
directions with an O�Cu�O angle of 163.1(4)8 to form the
novel inorganic–organic hybrid 2D framework (Figure 1g).
On the basis of bond valence sum (Ss) calculations,[14] the
oxidation states of all the Cu, W, and Si atoms are +2 (Ss=


1.61–2.21), +6 (Ss=5.92–6.29), and +4 (Ss=3.89), respec-
tively. The oxidation states of these atoms are consistent not
only with the overall charge of compound 1, but also with
the reported sandwich Cu4-substituted POTs.[15]


A noteworthy feature of 1a is that the absent sites of the
unusual defective rhombic Cu4 units may be good centers
for further structural derivation such as intramolecular deco-
ration or intermolecular linkage through organic amine li-
gands to form novel, unique hybrid structures. For example,
two such compounds based on the Zn4-substituted sandwich
anions [Zn4 ACHTUNGTRENNUNG(PW9O34)2]


10� and [Zn4ACHTUNGTRENNUNG(HSiW9O34)2]
10� were suc-


cessfully synthesized.
The novel 2D structure 2 can be considered to be made


up of inorganic–organic hybrid building blocks [Zn4-
(HenMe)2ACHTUNGTRENNUNG(PW9O34)2]


8� (2a ; Figure 2a) linked together
through zinc complexes. The unique building block 2a can
be derived from the well-known sandwich [Zn4ACHTUNGTRENNUNG(H2O)2-
(PW9O34)2]


10� anion[11b] by replacing two water ligands of the
central Zn4O14 ACHTUNGTRENNUNG(H2O)2 fragment with two enMe ligands (Fig-


Table 2. Selected bond lengths (P) for 1–3.[a]


Bond 1 2 3


W=Ot 1.700(11)–1.743(11) 1.701(6)–1.734(6) 1.705(7)–1.743(6)
W�Ob 1.790(12)–2.235(8) 1.759(6)–2.024(6) 1.771(6)–2.038(6)
W�Oc 2.325(10)–2.407(11) 2.380(6)–2.539(5) 2.299(6)–2.491(6)
Si�Oc 1.623(11)–1.654(10) – 1.625(6)–1.652(6)
P�Oc – 1.539(5)–1.558(5) –


[a] Ot = terminal oxygen atoms, Ob =bridging oxygen atoms bonded to
W, Cu, or Zn atoms, Oc =central oxygen atoms bridging Si or P atoms.


Figure 1. a) Polyhedral representation of polyoxoanion 1a. b) View of the
coordination mode between 1a and copper complexes. c) and d) Ball-
and-stick and poyhedral representations of the central Cu4 core in 1a, re-
spectively. e) and f) Ball-and-stick and poyhedral representations of the
central M4 core in reported M4-substituted POTs, respectively. g) View of
the 2D framework of 1 along the a axis. All the dien and water ligands
are omitted for clarity. WO6 = red, CuO5 and CuO6 =green, SiO4 =


yellow.
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ure 2c and d). Interestingly, both enMe ligands in 2a serve
as monodentate ligands rather than common bidentate che-
lating ligands; there remains an uncoordinated NH2 group
that is protonated as required by charge-balance considera-
tions. In the Zn4O14ACHTUNGTRENNUNG(HenMe)2 fragment, all the Zn centers
have a distorted ZnO6 or ZnO4N2 octahedral environment
with the Zn�O (2.01(1)–2.33(1) P) and Zn�N (2.14(1) P)
bond lengths in the usual range. A search of the Cambridge
Crystallographic Structure Database (http://www.ccdc.cam.
ac.uk) showed that no such hybrid Zn4O14 ACHTUNGTRENNUNG(HenMe)2 aggre-
gation has been reported so far.


As shown in Figure 2b, each 2a anion is linked to six Zn
atoms through terminal oxo atoms of six WO6 octahedra to
form Zn�O=W interactions. Both crystallographically inde-
pendent Zn atoms (Zn3 and Zn4), in the bridging role, are
octahedrally coordinated with four equatorial N atoms from
two chelating enMe ligands (Zn�N: 2.08(1)–2.16(1) P) and


with two axial O atoms from two adjacent 2a anions (Zn�
O: 2.21(1)–2.33(1) P). On the other hand, the crystallo-
graphically independent Zn5 atom takes on the decorating
role and also displays octahedral geometry, here defined by
one terminal oxo ligand from a 2a anion, one water ligand,
and four N atoms from two enMe ligands (Zn�N: 2.00(1)–
2.16(1) P; Zn�O: 2.48(3)–2.61(1) P). Thus, each 2a anion is
decorated by two cis-[Zn ACHTUNGTRENNUNG(enMe)2O2] groups to form a bi-
TM-supported polyoxoanion. These polyoxoanions are then
further connected by trans-[Zn ACHTUNGTRENNUNG(enMe)2O2] groups along
both a- and c-axis directions to yield another 2D framework
based on sandwich POTs (all bridging angles O�Zn�O:
180.0(1)8). On the basis of bond valence sum calculations,
the oxidation states of all the Zn, W, and P atoms are +2
(Ss=1.78–2.03), +6 (Ss=6.08–6.37), and +5 (Ss=4.63), re-
spectively. The oxidation states of these atoms are consistent
with the overall charge of compound 2.


The uncoordinated NH2 groups of the enMe ligands in 2a
suggest that the condensation of 2a into novel extended
solids through the linkage of enMe in an end-to-end fashion
could be feasible. A decrease in the initial quantity of enMe
resulted in the successful crystallization of solid 3.


Crystal-structure analysis reveals that the unprecedented
2D hybrid structure 3 is based on two types of distinguishing
building blocks, [{Zn ACHTUNGTRENNUNG(enMe)2}2ACHTUNGTRENNUNG{Zn4ACHTUNGTRENNUNG(HSiW9O34)2}]


6� (3a) and
[{Zn ACHTUNGTRENNUNG(enMe)2ACHTUNGTRENNUNG(H2O)}2ACHTUNGTRENNUNG{Zn4ACHTUNGTRENNUNG(HSiW9O34)2}]


6� (3b), linked by
linear enMe ligands to generate a 1D chain, which is extend-
ed into a 2D framework by means of the bridging of [Zn-
ACHTUNGTRENNUNG(enMe)2]


2+ complexes. As shown in Figure 3a and b, al-
though both 3a and 3b are bi-zinc-complex-supported poly-
oxoanions based on [Zn4ACHTUNGTRENNUNG(HSiW9O34)2]


10�, there are apparent
differences between them: 1) both decorating Zn ions of 3a
attach to the anion [Zn4ACHTUNGTRENNUNG(HSiW9O34)2]


10� by coordination
with the terminal oxo ligands of two W atoms located at
equatorial positions, whereas the two decorating Zn ions of
3b are coordinated to the terminal oxo ligands of two W
atoms located at apical positions; 2) both Zn sites (Zn6 and
Zn6A) in 3a have “3+2” trigonal-bipyramidal geometry de-
fined by four N atoms from two enMe ligands and one ter-
minal oxo ligand from 3a (Zn�N: 2.01(1)–2.11(1) P; Zn�O:
2.65(1) P), whereas both Zn sites (Zn5 and Zn5A) in 3b
adopt “4+2” octahedral geometry, with the basal plane de-
fined by the four N atoms of two enMe ligands and the
apical positions occupied by one terminal oxo ligand from
3b and one water ligand (Zn�N: 2.10(1)–2.15(1) P; Zn�O:
2.21(1)–2.42(1) P).


In 3, the building blocks 3a and 3b are alternately linked
together by linear bidentate enMe ligands through the
unique linkage of –enMe–Zn4O14–enMe–Zn4O14– to form a
1D chain along the b axis (Zn�N: 2.156(11)–2.162(11) P).
Such an unusual linking mode also leads to a hybrid
–enMe–Zn4O14–enMe–Zn4O14– chainlike structure (Fig-
ure 3c and d), which has never been observed to our knowl-
edge, neither in the rich domain of POMs nor in coordina-
tion chemistry. Furthermore, adjacent chains of alternate 3a
and 3b clusters are linked through [Zn7 ACHTUNGTRENNUNG(enMe)2]


2+ com-
plexes (Zn�O: 2.30(1)–2.36(1) P) into a 2D framework


Figure 2. a) Polyhedral representation of polyoxoanion 2a. b) View of the
coordination mode between 2a and zinc complexes. c) and d) Ball-and-
stick and poyhedral representations of the central hybrid Zn4 core in 2a.
e) View of the 2D framework of 2 along the b axis. All the enMe and
water ligands are omitted for clarity. WO6 = red, ZnO5 and ZnO6 =green,
PO4 =yellow.
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(Figure 3e), in which each 3a and 3b cluster is surrounded
by four 3b and 3a clusters, respectively. On the basis of
bond valence sum calculations, the oxidation states of all the
Zn, W, and Si atoms are +2 (Ss=1.91–2.03), +6 (Ss=5.98–
6.24), and +4 (Ss=3.82–3.92), respectively. According to
the consideration of charge balance, the [SiW9O34]


10� clus-
ters are thus protonated, which is a common feature in
many reported POMs.[8a,16]


Notably, in contrast to the neutral 2D frameworks of 1
and 2, the 2D framework of 3 is anionic. Interestingly, al-
though these three 2D frameworks have remarkable differ-
ences, all of them represent a four-connected (4,4) topology
by considering the sandwich M4-substituted POTs as nodes
and the bridging TM complexes or linear enMe ligands as
links between the nodes.


The stacking of 2D layers of 1–3 results in channels along
the c, a, and a axes, respectively, which are occupied by lat-
tice water molecules and organic ligands (see Supporting In-
formation, Figures S1–S3). By neglecting all lattice water
molecules, calculations[17] show that the effective volumes of
the void regions of 1–3 are about 1510.8, 356.0, and 593.7 P3


per unit cell, respectively, and occupy 13.9, 12.5, and 10.2%
of the crystal volumes. Compounds 2 and 3 were selected as
examples for thermogravimetric (TG) analysis. As shown in
Figure 4, both TG curves show three major weight-loss


stages, which fall in the regions 34–120, 210–550, and 550–
780 8C. The entire weight-loss processes of 2 and 3 are at-
tributed to the loss of enMe ligands and crystal and coordi-
nated water molecules. The observed total weight loss (2 :
14.93%; 3 : 15.91%) is in agreement with the calculated
values (2 : 15.88%, corresponding to the loss of 11 water
and 10 enMe molecules; 3 : 16.63%, corresponding to the
loss of 21 water and 22 enMe molecules). Further TG water-
sorption experiments were undertaken to study the porosity
of 2 and 3. The TG studies revealed that the crystal water
molecules in 2 and 3 can be desorbed by heating a sample
at 120 8C to constant weight. Furthermore, the water can be
readsorbed by exposing the dehydrated samples to ambient
atmosphere for 24 h. The solids 2 and 3 desorbed 3.20 and
3.07% of crystal water, respectively, and within 24 h read-
sorbed a similar amount of water from the atmosphere.
Each procedure was repeated several times to demonstrate
the reversibility of the process (Figures 5 and 6). The stabili-
ty of the materials was also investigated by powder X-ray
diffraction, which indicated that the materials retained their
crystallinity after several water desorption and readsorption
cycles.


Figure 3. a) and b) Polyhedral representation of polyoxoanions 3a and
3b. c) and d) Ball-and-stick and poyhedral representations of the coordi-
nation mode between central Zn4 cores and bridging enMe ligands.
e) View of the 2D framework of 3 along the a axis. All the water and
chelating enMe ligands are omitted for clarity. WO6 = red, ZnO5, ZnO6,
and ZnO5N=green, SiO4 =yellow.


Figure 4. TG curve of 2 (c) and 3 (b).
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Conclusions


Three novel sandwich M4-substituted POT-based 2D hybrid
materials were synthesized under hydrothermal conditions.
These preliminary studies demonstrate the potential of sand-
wich POTs as molecular building blocks in the construction
of novel extended structures, and that the use of hydrother-
mal techniques is a vital tool for producing extended POM-
based solids. It was further shown that these solids exhibit
reversible water-sorption capabilities. Further research will
concentrate on the suitable modification of the synthetic
conditions to synthesize novel sandwich M4-substituted
POT-based 3D architectures with porous properties.


Experimental Section


General


All chemicals employed in this study were of analytical grade and were
purchased from commercial sources. Elemental analysis of C, H, and N
was carried out with a Vario EL III elemental analyzer. Inductively cou-
pled plasma (ICP) analysis for Cu, Zn, and W were conducted on an
Ultima2 spectrometer. IR spectra (KBr pellets) were recorded on an
ABB Bomen MB 102 spectrometer. Thermal analysis was performed
under dynamic oxygen atmosphere at a heating rate of 10 8Cmin�1 with a
METTLER TGA/SDTA851e thermal analyzer. XRD spectra were ob-


tained on a Philips XVPert-MPD diffractometer with CuKa radiation (l=


1.54056 P).


Syntheses


1: A mixture of Na10[A-a-SiW9O34]·nH2O (0.80 g, prepared by literature
method[18a]), CuCl2·2H2O (0.17 g), dien (0.10 mL), and H2O (10 mL) was
stirred for 40 min. The pH of this solution was then adjusted from 8.2 to
7.3 by hydrochloric acid (1 molL�1). Finally, the mixture was transferred
to a teflon-lined stainless-steel autoclave (40 mL), kept at 100 8C for
4 days, and then cooled to room temperature. The solid product, which
consisted of single crystals in the form of blue blocks, was recovered by
filtration, washed with distilled water, and dried in air (0.239 g, 40.4%
yield based on Cu). IR (KBr): 3423 (s), 3212 (s), 2406 (m), 1636 (s), 1398
(s), 1077 (s), 1032 (s), 940 (s), 876 (s), 775 (s), 518 cm�1 (m); elemental
analysis: calcd (%) for C24H104Cu10N18O81Si2W18: C 4.85, H 1.76, N 4.24,
Cu 10.69, W 55.71; found: C 4.76, H 1.93, N 4.11, Cu 10.91, W 55.13.


2 : A mixture of Na9[A-a-PW9O34]·nH2O (0.80 g, prepared by literature
method[18b]), ZnSO4·7H2O (0.20 g), enMe (0.30 mL), and H2O (10 mL)
was stirred for 40 min. The mixture was then transferred to a teflon-lined
stainless-steel autoclave (40 mL), kept at 100 8C for 4 days, and then
cooled to room temperature. The solid product, which consisted of single
crystals in the form of colorless blocks, was recovered by filtration,
washed with distilled water, and dried in air (0.194 g, 37.8% yield based
on Zn). IR (KBr): 3423 (s), 3221 (s), 3120 (s), 2937 (m), 1600 (s), 1453
(m), 1379 (w), 1086 (m), 979 (m), 940 (s), 876 (s), 748 (s), 500 cm�1 (m);
elemental analysis: calcd (%) for C30H122N20O78P2W18Zn8: C 6.10, H 2.08,
N 4.74, Zn 8.86, W 56.05; found: C 6.13, H 2.59, N 4.83, Zn 8.73, W
55.89.


Figure 5. a) TG water-desorption curves of 2 for three consecutive runs.
b) Powder X-ray diffraction patterns of 2 (from bottom to top) as simu-
lated from single-crystal XRD, as the native material, after dehydration,
and after rehydration (room temperature).


Figure 6. a) TG water-desorption curves of 3 for three consecutive runs.
b) Powder X-ray diffraction patterns of 3 (from bottom to top) as simu-
lated from single-crystal XRD, as the native material, after dehydration,
and after rehydration (room temperature).
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3 : A mixture of Na9[A-a-SiW9O34]·nH2O (0.80 g), ZnSO4·7H2O (0.20 g),
enMe (0.10 mL), and H2O (10 mL) was stirred for 40 min. The mixture
was then transferred into a teflon-lined stainless-steel autoclave (40 mL),
kept at 100 8C for 4 days, and then cooled to room temperature. The
solid product, which consisted of single crystals in the form of colorless
blocks, was recovered by filtration, washed with distilled water, and dried
in air (0.157 g, 33.6% yield based on Zn). IR (KBr): 3414 (s), 3331 (s),
3249 (s), 3148 (s), 2397 (m), 1645 (s), 1581 (s), 1462 (w), 1398 (s), 1068
(s), 986 (m), 940 (s), 872 (s), 757 (s), 528 cm�1 (m); elemental analysis:
calcd (%) for C66H262N44O155P4W36Zn18: C 6.57, H 2.19, N 5.11, Zn 9.76,
W 54.74; found: C 6.46, H 2.33, N 5.01, Zn 9.52, W 54.61.


X-ray Analysis


Crystal-structure determination by X-ray diffraction was performed on a
Mercury CCD diffractometer with graphite-monochromated MoKa (l=


0.71073 P) radiation at room temperature. The program SADABS was
used for absorption correction. The structures were solved by direct
methods and refined on F2 by full-matrix least-squares methods with the
SHELX97 program package.[19] For 1, a total of 33278 reflections (2.36�
q�25.258) were collected with 9512 unique (Rint =0.0503), of which 8541
reflections with I>2s(I) were used for structure elucidation. All non-hy-
drogen atoms were refined anisotropically. Hydrogen atoms of organic li-
gands were geometrically placed and refined with a riding model. At con-
vergence, R1 (wR2) was 0.0593 (0.1502), and the goodness-of-fit was
1.071. The final Fourier map had a minimum and maximum of 6.391 and
�3.275 eP�3. For 2, a total of 22304 reflections (2.40�q�27.498) were
collected with 12830 unique (Rint =0.0289), of which 10353 reflections
with I>2s(I) were used for structure elucidation. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms of organic ligands
were also geometrically placed and refined with a riding model. At con-
vergence, R1 (wR2) was 0.0368 (0.0863), and the goodness-of-fit was
1.022. The final Fourier map had a minimum and maximum of 2.629 and
�1.430 eP�3. For 3, a total of 44421 reflections (2.38�q�27.488) were
collected with 25750 unique (Rint =0.0412), of which 21016 reflections
with I>2s(I) were used for structure elucidation. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms of organic ligands
were also geometrically placed and refined with a riding model. At con-
vergence, R1 (wR2) was 0.0430 (0.1080), and the goodness-of-fit was
1.047. The final Fourier map had a minimum and maximum of 3.999 and
�3.179 eP�3. Experimental details for the structure determination of 1–3
are presented in Table 1. Selected bond lengths for 1–3 are listed in
Table 2. CCDC-645407–645409 (1–3) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre at www.ccdc.cam.
ac.uk/data_request/cif.
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Synthesis of Spirocyclic C-Arylglycosides and -Ribosides by
Ruthenium-Catalyzed Cycloaddition


Yoshihiko Yamamoto,*[a] Ken Yamashita,[a] Tomitaka Hotta,[a] Toru Hashimoto,[b]


Makoto Kikuchi,[b] and Hisao Nishiyama[b]


Introduction


C-Arylglycosides are important synthetic targets and are
found in several bioactive natural products such as anthracy-
clinone C-glycosides, gilvocarcins, and kidamycins.[1–4] In
striking contrast to the more popular O-arylglycosides, C-
arylglycosides have an aryl ring directly connected to a
sugar core, which confers stability toward enzymatic and
chemical hydrolysis.[5] Among the C-arylglycosides, spirocy-
clic C-arylglycoside motifs have received renewed interest,[6]


partly because some members of naturally occurring C-aryl-
glycosyl spiroacetal papulacandines were found to be active
against Pneumocystis carinii pneumonia, the common op-
portunistic infection in AIDS patients (Scheme 1).[7]


C-Arylglycosides are generally synthesized by the direct
arylation of appropriate carbohydrate substrates,[8] but the
control of regiochemistry is a crucial problem when a multi-
ply substituted aromatic precursor is employed for this pur-
pose. To address this issue, alternative methods of directly
constructing a glycosylated-benzene skeleton have recently
been developed by exploiting the benzannulation or cyclo-
addition strategy.[9] In this context, the [2+2+2] cycloaddi-
tion of C-alkynylglycosides may be a promising approach
for obtaining C-arylglycosides in a convergent and atom-
economical manner.[10] McDonald et al. were the first to re-
alize this method and elegantly applied it to the synthesis of
a spirocyclic C-arylglycoside relevant to papulacandin D
(Scheme 2).[10a] In this example, the cycloaddition of C-al-
kynyl-O-propargylglycoside 2, which was derived from d-
gluconolactone 1a, with acetylene was conducted in EtOH
at room temperature for 16 h in the presence of 10 mol%
[RhCl ACHTUNGTRENNUNG(PPh3)3] to afford 3 in 89% yield. Although the de-
sired spirocyclic framework was constructed efficiently, the


Abstract: Spirocyclic C-arylglycosides
were synthesized from the appropriate-
ly protected d-gluconolactones. Addi-
tion of lithium acetylide followed by
glycosylation with 3-(trimethylsilyl)pro-
pargyl alcohol converted the d-gluco-
nolactones into silylated diynes. After
desilylation, subsequent ruthenium-cat-
alyzed cycloaddition of the resultant
diynes with alkynes or chloroacetoni-


trile gave spirocyclic C-arylglycosides
in good yields and selectivity. This
strategy was also extended to the syn-
thesis of spirocyclic C-arylribosides
from the known g-ribonolactone deriv-


ative. Moreover, silver-catalyzed iodi-
nation of the sugar diynes followed by
ruthenium-catalyzed cycloaddition with
acetylene delivered spirocyclic C-iodo-
phenylglycosides and -ribosides, which
were subjected to palladium-catalyzed
C�C bond-forming reactions and
copper-catalyzed coupling with nitro-
gen heterocycles to lead to various de-
rivatives.
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Scheme 1. Naturally occurring spirocyclic C-arylglycoside papulacandins.
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scope of this cycloaddition strategy has remained unex-
plored. Herein, we report the full details of our study on the
ruthenium-catalyzed assembly of spirocyclic C-arylglyco-
sides, leading to the significant extension of the [2+2+2]
cycloaddition strategy.[11]


Results and Discussion


Modified Synthesis of Diyne 2


Previously, McDonald et al. prepared the diyne substrate 2
from 1a by the following procedure: 1) addition of 2-(tri-
ACHTUNGTRENNUNGmethylsilyl)ethynyllithium, 2) acetylation of the resultant
hemiacetal, 3) Lewis acid catalyzed glycosylation with prop-
argyl trimethylsilyl ether, and 4) alkaline desilylation. Al-
though they were able to assemble the desired diyne 2 from
readily available starting materials by this four-step route,
the overall yield was less than 25%. Thus, prior to the ex-
ploration of the ruthenium-catalyzed cycloaddition, we
searched for a more efficient route to 2. From the viewpoint
of step economy,[12] a modified method capable of employ-
ing the hemiACHTUNGTRENNUNGacetal intermediate directly for the glycosyla-
tion step is highly desirable. To this end, montmorillon-
ACHTUNGTRENNUNGite K10 mediated glycosylation with trimethylsilylpropargyl
alcohol is the method of choice.[13] The crude hemiacetal ob-
tained by addition of 2-(trimethylsilyl)ethynyllithium to 1a
was subjected to glycosylation with trimethylsilylpropargyl
alcohol in the presence of montmorillonite K10 and MS4A
(4-H molecular sieves), in accordance with the literature, to
give bissilylated diyne 4 as an inseparable mixture of iso-


mers (Scheme 3). After alkaline desilylation, purification by
silica-gel chromatography separated the desired isomer 2a
as a major product from the minor isomer 2b (overall yield
53%, a/b=85:15). Accordingly, this modified procedure not
only doubled the overall yield, but also notably improved
the anoACHTUNGTRENNUNGmeric stereoselectivity up to about 6:1 from 2:1 for
the previous Lewis acid catalyzed method.[10a]


Exploratory Study on Ru-Catalyzed Cycloaddition of
C-Alkynyl-O-proargylglycosides


Having established the modified preparative method for the
diyne precursor 2, we applied the ruthenium catalysis to the
cycloaddition of 2a with acetylene (Scheme 4).[14] Under


acetylene atmosphere (balloon), 2a was treated with
1 mol% [Cp*RuCl ACHTUNGTRENNUNG(cod)] (Cp*= h5-C5Me5, cod=1,5-cyclo-
octadiene) in 1,2-dichloroethane (DCE) at room tempera-
ture. The cycloaddition reached completion within 30 min to
give the desired spirocyclic C-arylglycoside 3a in 86% yield
after chromatographic purification.
Next, we turned our attention to the regioselective cyclo-


addition of a diyne bearing one internal alkyne. For spectral
simplicity, we prepared methyl-protected diyne 6 from d-
gluconolactone 1b (Scheme 5). Synthetic procedures similar
to that for 2 gave 6a and 6b after separation by silica-gel
chromatography. Although a good overall combined yield of
73% was obtained, the stereoselectivity (a/b�3:1) was un-
fortunately lowered. This ratio is, however, close to that of
the parent ethynyl derivatives 5’ (R=H) reported by To-
mooka et al. (a/b=2.6:1).[13a] The stereochemistry of these
products was determined by comparison of their 1H NMR
spectra with those reported for 5’[13a] and later ensured by
single-crystal X-ray analysis of a cycloadduct (see below).


Abstract in Japanese:


Scheme 2. The McDonald synthesis of spirocyclic C-arylglycoside 3
ACHTUNGTRENNUNGrelevant to papulacandins. Bn=benzyl.


Scheme 3. Improved synthesis of 2. Reagents and conditions: i) LiC�
CSiMe3 (2 equiv), THF, �78 8C, 1.5 h; ii) Me3SiC�CCH2OH (6 equiv),
montmorillonite K10, MS4A, CH2Cl2, room temperature, 4 h; iii) 50%
aq. NaOH, BnNEt3Cl (0.4 equiv), CH3CN/CH2Cl2 (4:1), room tempera-
ture, 45 min.


Scheme 4. Ruthenium-catalyzed cycloaddition of 2a with acetylene.
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In the presence of 5 mol% [Cp*RuCl ACHTUNGTRENNUNG(cod)], the major
isomer 6a underwent cycloaddition with 1-hexyne (4 equiv)
at room temperature for 30 min (Scheme 6). Spirocycle 7


was obtained as the major regioisomer (92:8) in 78% yield.
Similarly, 6a was allowed to react with chloroacetonitrile
(1.5 equiv) to give pyridine-fused spirocycle 8 in 83% yield
as the sole regioisomer.[15a,b] The stereochemistry as well as
regiochemistry of pyridine 8 were unambiguously confirmed
by single-crystal X-ray diffraction (Figure 1). The anomeric
stereochemistry was clearly confirmed as a, and this is in ac-


cordance with the 1H NMR spectroscopic analysis of the
diyne precursor 6a. This assignment also shows that the in-
tegrity of the anomeric configuration was preserved during
the ruthenium-catalyzed cycloaddition.


Synthesis of Spirocyclic C-Arylribosides


Recently, C-arylnucleosides have received much attention as
they are expected to be the stable isosteres of natural nu-
cleosides.[16] Moreover, many natural C-arylnucleosides also
exhibit antibiotic, anticancer, or antiviral activity.[16] The cy-
clotrimerization strategy again was yet to be explored in the
synthesis of C-arylnucleosides. We and others previously re-
ported the synthesis of C-aryldeoxyribosides by transition-
metal-catalyzed cycloaddition of C-alkynyldeoxyribosides
with 1,6-diynes.[10b–d] No spirocyclic analogues relevant to
papulacandines have been synthesized to date, although
they are interesting as conformationally constrained C-aryl-
nucleosides. Toward this aim, we prepared ribose-derived
diynes 11 and 14 from g-ribonolactone derivative 9
(Scheme 7). In a manner similar to the synthesis of the glu-


cose derivatives, acetylide addition followed by montmoril-
lonite K10 mediated glycosylation delivered silylated diynes
10 or 13, which were treated with K2CO3 in MeOH at ambi-
ent temperature to give desilylated diynes 11 and 14, respec-
tively. Unfortunately, these diynes were obtained as an
anomer mixture inseparable by silica-gel chromatography,
although one of the stereoisomers was selectively formed
with ratios of 1:9 and 1:16, respectively. The anomeric ste-
reochemistry for the major isomers was determined as b by
comparison of their 1H NMR spectra with that of the closely
related b-10’ reported by Tomooka et al.[13a]


With the ribose-derived diynes in hand, the ruthenium-
catalyzed cycloadditions with alkynes were examined
(Scheme 8). Under acetylene atmosphere, 11 was treated
with 1 mol% [Cp*RuCl ACHTUNGTRENNUNG(cod)] at room temperature. Com-
pared to the case of 2a, a longer reaction time of 1.5 h was
required for the complete conversion of 11. Separation with


Scheme 5. Synthesis of diyne 6. Reagents and conditions: i) LiC�CMe
(2 equiv), THF, �78 8C, 1 h; ii) HOH2CC�CSiMe3 (6 equiv), montmoril-
lonite K10, MS4A, CH2Cl2, room temperature, 2 h; iii) 50% aq. NaOH,
BnNEt3Cl (0.2 equiv), CH3CN/CH2Cl2 (4:1), room temperature, 30 min.


Scheme 6. Ruthenium-catalyzed cycloaddition of 6a with 1-hexyne and
chloroacetonitrile.


Figure 1. ORTEP diagram of pyridine 8. Ellipsoids are shown at the 50%
probability level. All hydrogen atoms are omitted for clarity.


Scheme 7. Synthesis of ribose-derived diynes 11 and 14. TBS= tert-butyl-
dimethylsilyl.
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silica-gel chromatography gave cycloadducts 12b and 12a in
74 and 8% yield, respectively.
Next, regioselectivity for the cycloaddition of unsymmetri-


cal diyne 14 was examined (Scheme 9). With a catalyst load-


ing of 5 mol%, 14 was allowed to react with 1-hexyne
(4 equiv) at room temperature for 1 h. Notably, anomers
15b and 15a were obtained as single regioisomers in 87 and
5% yield, respectively. Similarly, 14 was treated with
5 mol% [Cp*RuCl ACHTUNGTRENNUNG(cod)] in the presence of 1.5 equivalents
of chloroacetonitrile at room temperature to give the de-
sired pyridines as well as small amounts of the dimer of 14.
To suppress the dimerization of 14, an increased amount of
the nitrile (4 equiv) was employed to result in almost exclu-
sive formation of pyridines 16b and 16a in 79 and 4%
yield, respectively.
Yokoyama and co-workers introduced pyridin-2-one as a


pyrimidine analogue that is complementary in shape to non-
natural purine nucleobases that bear bulky N,N-dimethyl-
ACHTUNGTRENNUNGamine or 2-thienyl groups at their 6-positions.[17] We there-
fore attempted to synthesize a pyridone analogue of the
spiro C-arylribosides. According to our previous report,[15c]


diyne 14 was allowed to react with excess n-propylisocya-
nate in DCE under reflux for 5 h to obtain the desired pyri-
done 17b in 84% yield as the exclusive product.


Sequential Ag-Catalyzed C(sp)�H Iodination/Ru-Catalyzed
Cycloaddition/Pd-Catalyzed Cross-Coupling Process


Lately, complexity-generating, multicomponent coupling
processes have become increasingly important in terms of
diversity-oriented synthesis toward the construction of small
molecular libraries.[18] In this context, we recently developed
the sequential silver-catalyzed C(sp)�H iodination/rutheni-
um-catalyzed cycloaddition/palladium-catalyzed cross-cou-
pling process.[19] This novel strategy would significantly
expand product diversity in the present spirocyclic sugar
synthesis. Toward this aim, we next attempted the synthesis
of iodobenzene platform 19 (Scheme 10).[20] Upon treatment


with 10 mol% AgNO3 and 2 equivalents of N-iodosuccini-
mide (NIS),[21] 6a was converted into iododiyne 18 in 87%
yield. Iododiyne 18 was thereafter treated with 5 mol%
[Cp*RuCl ACHTUNGTRENNUNG(cod)] in DCE under acetylene atmosphere at am-
bient temperature to deliver the desired 19 in 90% yield.
Iodobenzene 19 was subsequently subjected to a range of


palladium-catalyzed C�C bond-forming reactions
(Scheme 11). Sonogashira reaction with phenylacetylene
under conventional conditions gave diphenylacetylene ana-
logue 20 in 92% yield. Mizoroki–Heck reaction with styrene


Scheme 8. Ruthenium-catalyzed cycloaddition of 11 with acetylene.


Scheme 9. Ruthenium-catalyzed regioselective cycloaddition of 14 with
1-hexyne, chloroacetonitrile, and n-propylisocyanate.


Scheme 10. Synthesis of iododiyne 18 and its ruthenium-catalyzed
ACHTUNGTRENNUNGcycloaddition with acetylene. DMF=N,N-dimethylformamide.


Scheme 11. Palladium-catalyzed coupling of 19, leading to spirocyclic
C-arylglycosides 20–22.
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was carried out by using a catalyst system derived from
2.5 mol% [Pd2ACHTUNGTRENNUNG(dba)3] (dba=dibenzylideneacetone) and
11 mol% Buchwald S-Phos[22] (2-dicyclohexylphosphanyl-
2’,6’-dimethoxybiphenyl) to afford trans-stilbene derivative
21 in 71% yield. Suzuki–Miyaura coupling with p-methoxy-
phenylboronic acid proceeded successfully with the [Pd2-
(dba)3]/S-Phos catalyst system to furnish biphenyl derivative
22 in 97% yield.
The ribose series was also examined in a similar way


(Scheme 12). Because the anomers of diyne 14 were insepa-


rable, silylated precursor 13 was directly subjected to silver-
catalyzed iodination as reported by Nishikawa, Isobe, and
co-workers.[23] Silyldiyne 13 was treated with 10 mol%
AgNO3 and 1.5 equivalents of NIS to give iododiyne 23
without affecting the TBS ether moiety. Gratifyingly, 23 was
isolated as a single anomer in 77% yield. The subsequent
ruthenium-catalyzed cycloaddition of 23 successfully deliv-
ered the desired iodobenzene platforn 24 in 88% yield.
The Sonogashira reaction, the Mizoroki–Heck reaction,


and the Suzuki–Miyaura coupling of 24 were carried out in
the same manner as with 19. Consequently, spirocyclic C-
arylribosides 25–27 were obtained in 95, 77, and 89% yield,
respectively (Scheme 13).


Synthesis of Spiro Suger–Amino Acid Conjugates


Artificial sugar–amino acid conjugate molecules have re-
ceived increasing attention as mimics of the natural counter-
parts found in glycopeptides.[24] In particular, sugar amino
acids, in which the sugar unit is connected to the amino acid
moiety by an all-carbon tether, are of significance because
they are metabolically resistant analogues of natural sugar
amino acids that exhibit inhibitory activity toward glycosi-
dases. Along this line, Kotha reported the [2+2+2] cyclo-
addition of amino acid tethered diyne derivatives with mon-
oalkynes by means of rhodium and cobalt catalysis, which
leads to constrained phenylalanine analogues.[25] We also ac-
complished the synthesis of sugar amino acids through the
[2+2+2] cycloaddition of diynes that contain an amino
acid moiety with C-alkynylglycosides.[10b,c] Recently, the syn-
theses of a naturally occurring C-glycosylamino acid, C-
mannosyl tryptophan, and its derivatives were reported in-
dependently by Nishikawa, Isobe, and co-workers and Ito
and co-workers.[26] In this section, we describe the synthesis
of novel spiro sugar–amino acid conjugate molecules by our
ruthenium-catalyzed cycloaddition/palladium-catalyzed
cross-coupling strategy.
Recently, Suzuki–Miyaura coupling with phenylalanine-


derived arylboronic acids was successfully applied to the
synthesis of adenine and purine nucleosides that bear an
amino acid moiety.[27] We assumed that Suzuki–Miyaura
coupling of the iodobenzene platforms 19 and 24 with
known boronate 28 would give rise to the spirocyclic glyco-
side and riboside with a biphenyl-tethered amino acid
moiety (Scheme 14). Such a biaryl amino acid is also an in-
teresting structural motif found in naturally occurring com-
pounds.[28] The Suzuki–Miyaura coupling of 19 and 2 equiva-
lents of 28 was carried out under aqueous conditions, and
the starting material 19 was completely consumed after 15 h.
Chromatographic purification afforded the desired coupling


Scheme 12. Direct iodination of silyldiyne 13 and ruthenium-catalyzed
ACHTUNGTRENNUNGcycloaddition of the resultant iododiyne 23.


Scheme 13. Palladium-catalyzed coupling of 24, leading to spirocyclic
C-arylribosides 25–27.


Scheme 14. Synthesis of spirocyclic C-arylglycoside–amino acid conjugate
molecules 29 and 30.
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product 29 in 75% yield. In a similar manner, the spirocyclic
C-riboside analogue 30 was obtained in 67% yield.


Cu-Catalyzed Coupling of Spiro C-Iodoarylriboside with
Nitrogen Heterocycles


Nucleosides with a five-membered nitrogen heterocycle
have been known to exhibit a broad range of significant bio-
logical activities such as antiviral, antitumor, anti-HIV, anti-
proliferative, and inosine monophosphate dehydrogenase in-
hibitory activities.[29] Among them, 5-amino-1-(b-d-ribofura-
nosyl)imidazole-4-carboxamide (AICA ribonucleoside) is
the oldest known imidazole derivative,[30] and its 4-hydroxy
analogue bredinin shows cytotoxic and immunosuppressant
activities.[31] On the other hand, substituted indoles have
been used as isosteres of purine nucleobases for studies on
the recognition of nonpolar nucleosides in DNA.[32] More-
over, chlorinated indole nucleosides were recently reported
as potent inhibitors of human cytomegalovirus in vitro.[33]


In this context, recent advances in Cu-catalyzed C ACHTUNGTRENNUNG(aryl)–
heteroatom bond formation offers us a good opportunity to
create novel N-heterocyclic ribosides extended by the spiro
phthalan spacer through cross-coupling of iodoarene scaf-
fold 24 with five-membered nitrogen heterocycles.[34] To this
end, we first examined the coupling of model iodophthalan
31[19] with heterocycles 32a–c (Scheme 15). According to


Buchwald and co-workers,[35] N,N’-dimethylethylenediamine
(L) was used as a ligand for CuI with a Cu/L ratio of 1:4. In
the presence of 2.1 equivalents of K3PO4, 31 and 1.2 equiva-
lents of indole 32a were treated with 5 mol% of the copper
catalyst in toluene at 110 8C for 20 h. As a result, the desired
coupling product 33a was formed in 95% yield. As opposed
to 32a, imidazole 32b gave the corresponding coupling
adduct 33b in only moderate yield (47%) along with recov-
ery of 31 (46%). The use of DMF as a solvent improved the
conversion to afford 33b in 70% yield. The yield was raised
to 82% when the reaction was performed with an increased
loading of imidazole (2 equiv) in DMF for 25 h. The highest
yield of 93% was achieved by using Cs2CO3 in place of
K3PO4 under otherwise identical conditions. The optimal


conditions for 32b, however, proved to be totally ineffective
for adenine 32c ; it resulted in 93% recovery of 31.
Under optimal conditions, the coupling of 24 and indole


32a was carried out to obtain the desired 34 in 81% yield
(Scheme 16). In the case of imidazole 32b, the modified pro-


cedure with Cs2CO3 in DMF was applied to 24 ; however,
1H NMR spectroscopic analysis of the crude reaction mix-
ture showed that the TBS group was removed during the re-
action. Chromatographic separation furnished 35 in 89%
yield as colorless crystals. The b anomeric stereochemistry
was unambiguously confirmed by X-ray diffraction analysis
(Figure 2).[36] This shows that the integrity of the anomeric
configuration was preserved during the ruthenium-catalyzed
cycloaddition and copper-catalyzed coupling.


Conclusions


We have successfully developed a convergent route to spiro-
cyclic C-arylglycosides with structures related to the natural
products, papulacandins. The starting glucose-derived diynes
were efficiently obtained from the known d-gluconolactone
derivative by acetylide addition/stereoselective glycosylation
with montmorillonite K10 clay. Cycloadditions of the ob-
tained diyne with acetylene, 1-hexyne, and chloroacetonitrile
were carried out under ruthenium catalysis to deliver the


Scheme 15. Optimization study on Cu-catalyzed coupling of 31 with
N-heterocycles 32a–c.


Scheme 16. Synthesis of N-heterocycle ribosides 34 and 35 with phthalan
spacer.


Figure 2. ORTEP diagram of imidazole 35. Ellipsoids are shown at the
50% probability level. All hydrogen atoms are omitted for clarity.
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corresponding benzene and pyridine products in good yields
and with excellent selectivity. This method could be applied
to the synthesis of spirocyclic C-arylribosides from a known
g-ribonolactone.
Furthermore, silver-catalyzed iodination of the sugar


diynes delivered the corresponding iododiynes, which were
converted into iodinated spiro sugars by ruthenium-cata-
lyzed cycloaddition with acetylene. The iodobenzene plat-
forms thus synthesized were then subjected to Sonogashira
reaction with phenylacetylene, Mizoroki–Heck reaction with
styrene, and Suzuki–Miyaura coupling with p-methoxy-
ACHTUNGTRENNUNGphenylboronic acid to deliver various spirocyclic C-arylgly-
cosides and C-arylribosides effectively. This sequential pro-
cess was successfully applied to the synthesis of spiro sugar–
amino acid conjugate molecules, in which the sugar and
amino acid moieties are connected by the biaryl spacer.
Moreover, application of copper-catalyzed coupling with ni-
trogen heterocycles to the spiro C-iodoarylriboside scaffold
provided access to novel N-heterocycle ribosides with the
spiro phthalan spacer.


Experimental Section


General


Flash column chromatography was performed on silica gel (Cica silica
gel 60N) with mixed solvents (hexane/ethyl acetate). 1H and 13C NMR
spectra were recorded on a Varian Mercury 300 or Gemini 2000 NMR
spectrometer in CDCl3 at 25 8C.


1H NMR chemical shifts are reported in
ppm relative to the singlet at d=7.26 ppm for chloroform. Splitting pat-
terns are designated as follows: s= singlet, d=doublet, t= triplet, q=


quartet, quint=quintet, sext= sextet, sept= septet, m=multiplet. Cou-
pling constants are reported in Hz. 13C NMR spectra are fully decoupled
and are reported in ppm relative to the triplet at d =77.0 ppm for CDCl3.
EI and ESI mass spectra were recorded on a JEOL JMS700 and JMS-
T100CS mass spectrometer, respectively. Elemental analysis was per-
formed with a Perkin–Elmer 2400II CHNS/O elemental analyzer. Melt-
ing points were obtained by a BNchi B-540 or a Yamato MP-12 melting-
point apparatus and are uncorrected. Dichloromethane, DCE, and tolu-
ene were distilled from CaH2 and degassed before use. Dry THF and
DMF were purchased and used as received. The preparation of
[Cp*RuClACHTUNGTRENNUNG(cod)], lactones 1b and 9, and boronate 28 is reported in the
literature.[37–40]


Syntheses


2 from 1a : A solution of trimethylsilylethynyllithium, freshly prepared
from trimethylsilylacetylene (0.626 g, 6.37 mmol) and nBuLi (1.6m in
hexane, 3.9 mL, 6.24 mmol), in dry THF (15 mL) was added to a solution
of 1a (1.66 g, 3.08 mmol) in dry THF (8 mL) at �78 8C. The solution was
stirred for 1.5 h at this temperature, and the reaction was quenched with
saturated NH4Cl (10 mL). The reaction mixture was extracted with dieth-
yl ether (3O20 mL). The combined organic layer was dried over MgSO4


and concentrated in vacuo. The residue (1.78 g) was used directly in the
next step. A solution of the crude alcohol obtained above (205.6 mg,
0.323 mol) in dry CH2Cl2 (2 mL) was added to MS4A (699 mg). 3-(Tri-
ACHTUNGTRENNUNGmethylsilyl)propargyl alcohol (41.4 mg, 0.32 mmol) was added to this so-
lution, followed by predried montmorillonite K10 (41.9 mg) at ambient
temperature. The reaction mixture was stirred at room temperature for
4 h, filtered through a glass frit, and the filtrate was concentrated in va-
cuo. The residue was purified by column chromatography (silica gel,
hexane/EtOAc=15:1) to afford 4 (183.0 mg, 76%) as a colorless oil.
Diyne 4 (149.5 mg, 0.200 mmol) and BnNEt3Cl (18.3 mg, 0.08 mmol)
were dissolved in CH3CN/CH2Cl2 (5 mL, 4:1). Aqueous NaOH (50%,
41 mL) was added to this solution at 0 8C, and the solution was stirred at


room temperature for 45 min. The reaction mixture was diluted with di-
ethyl ether (10 mL) and washed with H2O (3O5 mL). The organic layer
was dried over MgSO4 and concentrated in vacuo. The residue was puri-
fied by column chromatography (silica gel, hexane/EtOAc=10:1) to
afford 2b (13.8 mg, 11%) as a colorless oil. Further elution (hexane/
EtOAc=5:1) gave 2a (79.1 mg, 65%) as a colorless oil. Their spectral
data are in good agreement with those reported in the literature.[10a]


6 from 1b : A solution of 1b (1.00 g, 4.27 mmol) in dry THF (15 mL) was
added to a solution of propynyllithium, freshly prepared from 1-bromo-
propene (1.39 g, 11.5 mmol) and nBuLi (1.6m in hexane, 10.8 mL,
17.1 mmol), in dry THF (25 mL) at �78 8C. The solution was stirred for
1 h at this temperature, and the reaction was quenched with saturated
NH4Cl (15 mL). The reaction mixture was extracted with diethyl ether
(3O30 mL). The combined organic layer was dried over MgSO4 and con-
centrated in vacuo. The residue (1.17 g) was used directly in the next
step. A solution of the crude alcohol obtained above in dry CH2Cl2
(40 mL) was added to MS4A (9 g). 3-(Trimethylsilyl)propargyl alcohol
(3.28 g, 25.6 mmol) was added to this solution, followed by predried
montmorillonite K10 (5.51 g) at ambient temperature. The reaction mix-
ture was stirred at room temperature for 2 h, filtered through a glass frit,
and the filtrate was concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexane/EtOAc=25:1–10:1) to afford
5 (1.33 g) as a colorless oil. Diyne 5 (1.33 g, 3.46 mmol) and BnNEt3Cl
(157.5 mg, 0.69 mmol) were dissolved in CH3CN/CH2Cl2 (80 mL, 4:1).
Aqueous NaOH (50%, 0.36 mL) was added to this solution at 0 8C, and
the solution was stirred at room temperature for 30 min. The reaction
mixture was diluted with diethyl ether (100 mL) and washed with H2O
(3O20 mL). The organic layer was dried over MgSO4 and concentrated in
vacuo. The residue was purified by column chromatography (silica gel,
hexane/EtOAc=15:1) to afford 6 (972.3 mg, 73% over 3 steps) as a col-
orless oil. Major a isomer: 1H NMR (300 MHz, CDCl3, 25 8C): d=1.88 (s,
3H), 2.36 (t, J=2.4 Hz, 1H), 3.21 (dd, J=10.2, 9.0 Hz, 1H), 3.23 (d, J=


9.6 Hz, 1H), 3.38 (s, 3H), 3.51 (dd, J=9.6, 9.0 Hz, 1H), 3.53 (s, 3H), 3.56
(d, J=3.0 Hz, 2H), 3.63 (s, 3H), 3.66 (s, 3H), 3.67 (dt, J=10.2, 3.0 Hz,
1H), 4.33 (dd, J=15.6, 2.4 Hz, 1H), 4.40 ppm (dd, J=15.6, 2.4 Hz, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=3.8, 51.9, 59.1, 60.4, 60.9, 61.6,
70.6, 71.6, 74.0, 74.7, 79.2, 79.6, 83.2, 83.8, 85.9, 96.2 ppm; MS (EI): m/z
(%)=312 (1) [M]+ , 257 (34) [M�OCH2C�CH]+ , 225 (100)
[M�OCH2C�CH�HOMe]+ ; elemental analysis: calcd (%) for C16H24O6


(312.36): C 61.52, H 7.74; found: C 61.48, H 7.78. Minor b isomer:
1H NMR (300 MHz, CDCl3, 25 8C): d =1.94 (s, 3H), 2.38 (t, J=2.4 Hz,
1H), 3.07 (d, J=9.3 Hz, 1H), 3.15 (dd, J=9.9, 9.0 Hz, 1H), 3.33 (dd, J=


9.3, 9.0 Hz, 1H), 3.38 (s, 3H), 3.53 (s, 3H), 3.59 (d, J=3.6 Hz, 1H), 3.61
(s, 3H), 3.62 (s, 3H), 3.62–3.68 (m, 1H), 4.39 (dd, J=15.0, 2.4 Hz, 1H),
4.49 ppm (dd, J=15.0, 2.4 Hz, 1H).


Representative procedure for the preparation of ribose-derived diynes:
11 from 9 : A solution of 2-(trimethylsilyl)ethynyllithium, freshly pre-
pared from trimethylsilylacetylene (982 mg, 10.0 mmol) and nBuLi (1.6m


in hexane, 6.36 mL, 10 mmol), in dry THF (30 mL) was added to a solu-
tion of 5-O-tert-butyldimethylsilyl-2,3-O,O-isopropylidene-g-ribonolac-
tone (9 ; 1.51 g, 5.0 mmol) in dry THF (20 mL) at �78 8C. The solution
was stirred for 40 min at this temperature, and the reaction was quenched
with saturated NH4Cl (20 mL). The reaction mixture was diluted with
water (100 mL) and extracted with diethyl ether (3O80 mL). The com-
bined organic layer was washed with brine (3O80 mL), dried over
MgSO4, and concentrated in vacuo. The residue was used directly in the
next step. A solution of the crude alcohol obtained above in dry CH2Cl2
(40 mL) was added to MS4A (10 g). 3-(Trimethylsilyl)propargyl alcohol
(3.85 g, 30.0 mmol) was added to this solution, followed by predried
montmorillonite K10 (6.45 g) at ambient temperature. The reaction mix-
ture was stirred at room temperature for 1 h, filtered through a glass frit,
and the filtrate was concentrated in vacuo. The residue was purified by
short column chromatography (silica gel, hexane/EtOAc=30:1) to afford
10 (2.48 g) as a colorless oil. K2CO3 (1.11 g, 8.0 mmol) was added to a so-
lution of 10 (2.03 g, 4.08 mmol) in dry MeOH (30 mL), and the reaction
mixture was stirred at room temperature for 1 h. The reaction was
quenched with saturated NH4Cl (80 mL), and the mixture was extracted
with diethyl ether (6O50 mL). The combined organic layer was washed
with brine (2O30 mL), dried over MgSO4, and concentrated in vacuo.
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The residue was purified by flash silica-gel column chromatography
(hexane/Et2O=20:1) to afford 11 (994 mg, 66%) as a colorless oil. Major
b isomer: 1H NMR (300 MHz, CDCl3, 25 8C): d=0.07 (s, 6H), 0.90 (s,
9H), 1.36 (s, 3H), 1.55 (s, 3H), 2.42 (t, J=2.4 Hz, 1H), 2.78 (s, 1H), 3.63
(dd, J=10.2, 8.7 Hz, 1H), 3.68 (dd, J=10.2, 6.6 Hz, 1H), 4.26 (ddd, J=


8.7, 6.6, 1.2 Hz, 1H), 4.29 (dd, J=14.7, 2.4 Hz, 1H), 4.40 (dd, J=14.7,
2.4 Hz, 1H), 4.65 (d, J=5.7 Hz, 1H), 4.76 ppm (dd, J=5.7, 1.2 Hz, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=�5.3, �5.2, 18.4, 25.6, 26.0, 26.6,
51.7, 63.6, 74.2, 76.0, 76.4, 79.1, 82.0, 87.0, 87.3, 104.6, 113.3 ppm; MS
(EI): m/z (%)=366 (100) [M]+ , 351 (30) [M�CH3]


+ ; elemental analysis:
calcd (%) for C19H30O5Si (366.52): C 62.26, H 8.25; found: C 62.37, H
8.33.


13 and 14 from 9 : In a similar manner to 10, 9 (2.42 g, 8.00 mmol) gave
13 (2.65 g, 73%) as a colorless oil. Major isomer: 1H NMR (300 MHz,
CDCl3, 25 8C): d =0.08 (s, 6H), 0.17 (s, 9H), 0.90 (s, 9H), 1.36 (s, 3H),
1.54 (s, 3H), 1.93 (s, 3H), 3.63 (dd, J=10.2, 8.2 Hz, 1H), 3.66 (dd, J=


10.2, 7.0 Hz, 1H), 4.21 (ddd, J=8.2, 7.0, 1.2 Hz, 1H), 4.24 (d, J=15.0 Hz,
1H), 4.41 (d, J=15.0 Hz, 1H), 4.63 (d, J=5.7 Hz, 1H), 4.73 ppm (dd, J=


5.7, 1.2 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=�5.3, �5.2, �0.1,
3.9, 18.4, 25.6, 26.0, 26.6, 52.1, 63.7, 72.0, 82.1, 85.3, 86.8, 86.9, 90.6, 101.1,
104.8, 112.9 ppm; MS (EI): m/z (%)=452 (3) [M]+ , 437 (44) [M�CH3]


+ ,
395 (100) [M�C ACHTUNGTRENNUNG(CH3)3]


+ , 337 (63) [M�SiMe2tBu]+ ; elemental analysis:
calcd (%) for C23H40O5Si2 (452.73): C 61.02, H 8.91; found: C 60.86, H
9.13. Desilylation of 13 (3.35 g, 7.40 mmol) afforded 14 (2.45 g, 73%) as a
colorless oil. Major isomer: 1H NMR (300 MHz, CDCl3, 25 8C): d =0.07
(s, 6H), 0.90 (s, 9H), 1.36 (s, 3H), 1.54 (s, 3H), 1.94 (s, 3H), 2.40 (t, J=


2.4 Hz, 1H), 3.63 (dd, J=10.2, 8.2 Hz, 1H), 3.67 (dd, J=10.2, 6.8 Hz,
1H), 4.22 (ddd, J=8.2, 6.8, 1.2 Hz, 1H), 4.25 (dd, J=15.3, 2.4 Hz, 1H),
4.39 (dd, J=15.3, 2.4 Hz, 1H), 4.62 (d, J=6.0 Hz, 1H), 4.73 ppm (dd, J=


6.0, 1.2 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=�5.3, �5.2, 3.9,
18.4, 25.6, 26.0, 26.6, 51.4, 63.7, 72.0, 73.8, 79.6, 82.1, 85.5, 86.8, 86.9,
104.9, 113.0 ppm; MS (EI): m/z (%)=365 (60) [M�CH3]


+ , 323 (100)
[M�C ACHTUNGTRENNUNG(CH3)3]


+ , 309 (20) [M�CH3�C ACHTUNGTRENNUNG(CH3)3]
+ , 265 (52) [M�SiMe2tBu]+


(no molecular ion); elemental analysis: calcd (%) for C20H32O5Si
(380.55): C 63.12, H 8.48; found: C 62.92, H 8.68.


Representative procedure for silver-catalyzed iodination of diynes: 18
from 6a : A solution of 6a (197.6 mg, 0.633 mmol), NIS (288.5 mg,
1.28 mmol), and AgNO3 (11.3 mg, 0.066 mmol) in dry DMF (3.8 mL) was
stirred for 3 h at room temperature in the dark. The reaction mixture was
diluted with EtOAc (30 mL), the reaction was quenched with saturated
Na2S2O3 (6 mL), and the mixture was extracted with EtOAc (3O30 mL).
The combined organic layer was washed with brine (2O60 mL) and dried
with MgSO4. The solvent was removed in vacuo, and the residue was pu-
rified by flash column chromatography on silica gel (hexane/AcOEt=
5:1) to give 18 (241 mg, 87%) as a colorless oil. 1H NMR (300 MHz,
CDCl3, 25 8C): d=1.88 (s, 3H), 3.23 (dt, J=9.6, 4.5 Hz, 2H), 3.39 (s, 3H),
3.49 (d, J=9.0 Hz, 1H), 3.54 (s, 3H), 3.56–3.57 (m, 2H), 3.61–3.65 (m,
1H), 3.64 (s, 3H), 3.66 (s, 3H), 4.50 (d, J=15.6 Hz, 1H), 4.56 ppm (d, J=


15.6 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=2.7, 3.5, 53.5, 59.1,
60.3, 60.8, 61.6, 70.7, 71.8, 74.8, 79.3, 83.5, 83.8, 86.1, 90.1, 96.4 ppm; MS
(ESI): m/z=461 [M�Na]+ ; elemental analysis: calcd (%) for C16H23IO6


(438.25): C 43.85, H 5.29; found: C 43.64, H 5.44.


23 from 13 : In a similar manner to the synthesis of 18, Ag-catalyzed iodi-
nation of 13 gave 23 (775 mg, 77%) as a colorless oil. 1H NMR
(300 MHz, CDCl3, 25 8C): d=0.08 (s, 6H), 0.90 (s, 9H), 1.36 (s, 3H), 1.53
(s, 3H), 1.93 (s, 3H), 3.61 (dd, J=10.2, 8.2 Hz, 1H), 3.65 (dd, J=10.2,
6.6 Hz, 1H), 4.21 (ddd, J=8.2, 6.6, 1.2 Hz, 1H), 4.41 (d, J=15.0 Hz, 1H),
4.53 (d, J=15.0 Hz, 1H), 4.59 (d, J=6.0 Hz, 1H), 4.72 ppm (dd, J=6.0,
1.2 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=�5.2, �5.1, 2.3, 3.9,
18.4, 25.6, 26.0, 26.6, 53.0, 63.7, 71.9, 82.1, 85.6, 86.8, 86.9, 89.9, 104.9,
113.0 ppm; MS (EI): m/z (%)=506 (17) [M]+ , 492 (27) [MH�CH3]


+ ,
449 (100) [M�C ACHTUNGTRENNUNG(CH3)3]


+ ; elemental analysis: calcd (%) for C20H31IO5Si
(506.45): C 47.43, H 6.17; found: C 47.30, H 6.30.


Representative procedure for ruthenium-catalyzed cycloaddition of
diynes with acetylene: 3a from 2a : A solution of 2a (66.2 mg,
0.11 mmol) in dry degassed DCE (2 mL) was added to a solution of
[Cp*RuClACHTUNGTRENNUNG(cod)] (0.43 mg, 1.09 mmol) in dry degassed DCE (1 mL) over
15 min at room temperature under acetylene atmosphere, and the mix-


ture was stirred for 0.5 h. The solvent was removed in vacuo, and the resi-
due was purified by flash column chromatography on silica gel (hexane/
EtOAc=10:1) to give 3a (59.7 mg, 86%) as a colorless oil. Its spectral
data are in good agreement with those reported in the literature.[10a] Cy-
cloadditions of 11, 18, and 23 were carried out in a similar manner.


12b : Colorless oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=0.08 (s, 3H),
0.09 (s, 3H), 0.92 (s, 9H), 1.36 (s, 3H), 1.65 (s, 3H), 2.48 (s, 3H), 2.56 (t,
J=7.8 Hz, 2H), 3.75 (dd, J=10.2, 8.1 Hz, 1H), 3.79 (dd, J=10.2, 6.9 Hz,
1H), 4.24 (ddd, J=8.1, 6.9, 1.2 Hz, 1H), 4.71 (d, J=6.0 Hz, 1H), 4.91
(dd, J=6.0, 1.2 Hz, 1H), 4.98 (d, J=12.6 Hz, 1H), 5.13 (d, J=12.6 Hz,
1H), 7.21–7.24 (m, 1H), 7.31–7.40 (m, 2H), 7.61–7.64 ppm (m, 1H);
13C NMR (75 MHz, CDCl3, 25 8C) d=�5.2, �5.1, 18.5, 24.9, 26.0, 26.6,
64.2, 71.7, 82.9, 85.7, 86.4, 112.5, 117.1, 120.4, 125.9, 127.4, 129.4, 135.6,
140.3 ppm; MS (EI): m/z (%)=393 (8) [MH]+ , 377 (53) [M�CH3]


+ , 335
(100) [M�C ACHTUNGTRENNUNG(CH3)3]


+ , 277 (100) [M�SiMe2tBu]+ ; elemental analysis:
calcd (%) for C21H32O5Si (392.56): C 64.25, H 8.22; found: C 64.17, H
8.30.


19 : Colorless solid. M.p.: 94.0–94.6 8C; 1H NMR (300 MHz, CDCl3,
25 8C): d =2.04 (s, 3H), 3.15 (s, 3H), 3.30 (dd, J=10.2, 8.7 Hz, 1H), 3.36
(s, 3H), 3.52 (dd, J=11.2, 2.1 Hz, 1H), 3.58 (d, J=8.7 Hz, 1H), 3.58 (s,
3H), 3.63 (d, J=8.7 Hz, 1H), 3.65 (dd, J=11.1, 4.5 Hz, 1H), 3.68 (s, 3H),
3.90 (ddd, J=10.2, 4.5, 2.1 Hz, 1H), 4.97 (d, J=13.0 Hz, 1H), 5.01 (d, J=


13.0 Hz, 1H), 6.82 (d, J=7.8 Hz, 1H), 7.57 ppm (d, J=7.8 Hz, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=17.2, 59.2, 60.1, 60.2, 60.8, 71.3,
72.7, 76.9, 79.6, 83.7, 83.8, 84.9, 111.7, 132.0, 133.4, 137.0, 138.2,
145.0 ppm; MS (ESI): m/z=487 [M+Na]+ ; elemental analysis: calcd
(%) for C18H25IO6 (464.29): C 46.56, H 5.43; found: C 46.81, H 5.30.


24 : Colorless oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=0.09 (s, 3H),
0.09 (s, 3H), 0.92 (s, 9H), 1.30 (s, 3H), 1.56 (s, 3H), 2.46 (s, 3H), 3.74
(dd, J=10.2, 8.7 Hz, 1H), 3.79 (dd, J=10.2, 6.0 Hz, 1H), 4.33 (ddd, J=


8.7, 6.0, 1.8 Hz, 1H), 4.69 (d, J=6.0 Hz, 1H), 4.76 (d, J=13.5 Hz, 1H),
4.85 (dd, J=6.0, 1.8 Hz, 1H), 4.88 (d, J=13.5 Hz, 1H), 6.86 (d, J=


8.0 Hz, 1H), 7.57 ppm (d, J=8.0 Hz, 1H); 13C NMR (75 MHz, CDCl3,
25 8C): d=�5.2, �5.1, 18.5, 18.8, 24.2, 26.1, 64.3, 74.5, 82.2, 83.6, 85.9,
87.2, 112.8, 119.5, 132.2, 134.6, 136.8, 138.1, 144.5 ppm; MS (EI): m/z
(%)=531 (4) [M�H]+ , 517 (30) [M�CH3]


+ , 475 (100) [M�C ACHTUNGTRENNUNG(CH3)3]
+ ,


457 (30) [M�CH3�C ACHTUNGTRENNUNG(CH3)3]
+ , 417 (100) [M�SiMe2tBu]+ ; elemental


analysis: calcd (%) for C22H33IO5Si (532.48): C 49.62, H 6.25; found: C
49.63, H 6.39.


Representative procedure for ruthenium-catalyzed cycloaddition of
diynes with 1-hexyne: 7 from 6a : A solution of 6a (93.7 mg, 0.30 mmol)
in dry degassed DCE (2 mL) was added to a solution of [Cp*RuClACHTUNGTRENNUNG(cod)]
(5.7 mg, 0.015 mmol) and 1-hexyne (98.6 mg, 1.2 mmol) in dry degassed
DCE (1 mL) over 15 min at room temperature under argon atmosphere,
and the solution was stirred for 0.5 h. The solvent was removed in vacuo,
and the residue was purified by flash column chromatography on silica
gel (hexane/EtOAc=8:1) to give 7 (91.8 mg, 78%) as a pale-yellow oil.
1H NMR (300 MHz, CDCl3, 25 8C): d=0.92 (t, J=7.2 Hz, 3H), 1.34 (sext,
J=7.5 Hz, 2H), 1.51–1.61 (m, 2H), 2.42 (s, 3H), 2.57 (t, J=7.5 Hz, 2H),
3.12 (s, 3H), 3.32 (ddd, J=9.9, 6.0, 3.0 Hz, 1H), 3.36 (s, 3H), 3.52 (dd,
J=10.8, 1.8 Hz, 1H), 3.58 (dd, J=12.0, 3.6 Hz, 1H), 3.59 (s, 3H), 3.63 (d,
J=3.6 Hz, 1H), 3.64 (dd, J=7.2, 4.5 Hz, 1H), 3.68 (s, 3H), 3.90 (ddd, J=


10.2, 4.2, 1.8 Hz, 1H), 5.10 (s, 1H), 6.84 (s, 1H), 6.87 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=14.0, 17.9, 22.4, 33.7, 35.5, 59.3,
60.1, 60.4, 60.9, 71.4, 72.6, 72.9, 79.7, 83.7, 85.2, 110.0, 118.1, 130.1, 132.7,
133.2, 140.7, 144.3 ppm; MS (EI): m/z (%)=394 (100) [M]+ , 349 (72)
[M�3CH3]


+ ; elemental analysis: calcd (%) for C22H34O6 (394.24): C
66.98, H 8.69; found: C 66.90, H 8.75.


15b : Colorless oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=0.08 (s, 3H),
0.09 (s, 3H), 0.91 (t, J=7.2 Hz, 3H), 0.92 (s, 9H), 1.30 (s, 3H), 1.34 (sext,
J=7.8 Hz, 2H), 1.51–1.62 (m, 2H), 1.57 (s, 3H), 2.48 (s, 3H), 2.56 (t, J=


7.8 Hz, 2H), 3.75 (dd, J=10.2, 9.0 Hz, 1H), 3.79 (dd, J=10.2, 6.0 Hz,
1H), 4.31 (ddd, J=9.0, 6.0, 1.5 Hz, 1H), 4.68 (d, J=6.0 Hz, 1H), 4.85
(dd, J=6.0, 1.5 Hz, 1H), 4.88 (d, J=12.0 Hz, 1H), 4.98 (d, J=12.0 Hz,
1H), 6.81 (s, 1H), 6.92 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=�5.1, �5.0, 14.1, 18.5, 19.2, 22.5, 24.2, 26.1, 26.2, 33.6, 35.5, 64.4, 70.5,
82.4, 85.8, 112.6, 117.8, 118.3, 126.5, 130.5, 136.1, 140.8, 144.4 ppm; MS
(EI): m/z (%)=461 (29) [M�H]+ , 447 (7) [M�CH3]


+ , 419 (100)
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[M�CH2=CHCH3]
+ , 405 (95) [M�CH2=CHCH2CH3]


+ ; elemental analy-
sis: calcd (%) for C26H42O5Si (462.69): C 67.49, H 9.15; found: C 67.36, H
9.28.


Representative procedure for ruthenium-catalyzed cycloaddition of
diynes with chloroacetonitrile: 8 from 6a : A solution of 6a (93.7 mg,
0.30 mmol) in dry degassed DCE (2 mL) was added to a solution of
[Cp*RuClACHTUNGTRENNUNG(cod)] (5.7 mg, 0.015 mmol) and chloroacetonitrile (34.0 mg,
0.45 mmol) in dry degassed DCE (1 mL) over 15 min at room tempera-
ture under argon atmosphere, and the solution was stirred for 0.5 h. The
solvent was removed in vacuo, and the residue was purified by flash
column chromatography on silica gel (hexane/EtOAc=3:1) to give 8
(97.0 mg, 83%) as a colorless solid. M.p.: 97.7–99.8 8C; 1H NMR
(300 MHz, CDCl3, 25 8C): d =2.65 (s, 3H), 3.18 (s, 3H), 3.25–3.38 (m,
1H), 3.36 (s, 3H), 3.52 (dd, J=10.8, 1.8 Hz, 1H), 3.55–3.61 (m, 1H), 3.59
(s, 3H), 3.62 (d, J=1.5 Hz, 1H), 3.66 (dd, J=3.0, 1.5 Hz, 1H), 3.68 (s,
3H), 3.91 (ddd, J=9.6, 4.2, 1.8 Hz, 1H), 4.67 (s, 2H), 5.10 (d, J=15.0 Hz,
1H), 5.15 (d, J=15.0 Hz, 1H), 7.25 ppm (s, 1H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=21.1, 46.5, 59.3, 60.4, 60.5, 60.8, 71.2, 72.2, 72.9, 79.6,
83.3, 84.9, 109.6, 113.0, 131.3, 151.4, 153.2, 156.3 ppm; MS (EI): m/z
(%)=388 (17) [M]+ , 352 (100) [M�Cl]+ , 342 (62) [M�3Me]+ ; elemental
analysis: calcd (%) for C18H26ClNO6 (387.86): C 55.74, H 6.76, N 3.61;
found: C 55.94, H 6.99, N 3.17.


16b : Colorless oil. 1H NMR (300 MHz, CDCl3, 25 8C) d=0.09 (s, 3H),
0.09 (s, 3H), 0.92 (s, 9H), 1.30 (s, 3H), 1.59 (s, 3H), 2.69 (s, 3H), 3.73
(dd, J=10.5, 9.3 Hz, 1H), 3.79 (dd, J=10.5, 5.7 Hz, 1H), 4.37 (ddd, J=


9.3, 5.7, 1.5 Hz, 1H), 4.65 (d, J=12.6 Hz, 1H), 4.67 (d, J=5.7 Hz, 1H),
4.70 (d, J=12.6 Hz, 1H), 4.86 (dd, J=5.7, 1.5 Hz, 1H), 4.91 (d, J=


14.5 Hz, 1H), 5.03 (d, J=14.5 Hz, 1H), 7.22 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C) d=�5.2, �5.1, 18.5, 22.7, 24.2, 26.0, 26.1, 46.6,
64.2, 70.0, 82.1, 85.8, 87.4, 112.5, 112.9, 117.7, 128.8, 151.3, 156.4,
156.7 ppm; MS (EI): m/z (%)=454 (7) [M�H]+ , 412 (70) [M�H�C-
ACHTUNGTRENNUNG(CH3)2]


+ , 398 (37) [M�C ACHTUNGTRENNUNG(CH3)3]
+ , 356 (100) [M�CACHTUNGTRENNUNG(CH3)2�C ACHTUNGTRENNUNG(CH3)3]


+ ;
elemental analysis: calcd (%) for C22H34ClNO5Si (456.05): C 57.94, H
7.51, N 3.07; found: C 58.30, H 7.50, N 2.73.


Procedure for ruthenium-catalyzed cycloaddition of 14 with n-propyliso-
cyanate: A solution of 14 (262.6 mg, 0.69 mmol) and n-propylisocyanate
(117.4 mg, 1.38 mmol) in dry degassed DCE (8 mL) was added to a solu-
tion of [Cp*RuCl ACHTUNGTRENNUNG(cod)] (13.2 mg, 0.035 mmol) and n-propylisocyanate
(117.4 mg, 1.38 mmol) in dry degassed DCE (2 mL) over 1 h at 90 8C
under argon atmosphere, and the solution was stirred for 5 h at this tem-
perature. The solvent was removed in vacuo, and the residue was purified
by flash column chromatography on silica gel (hexane/EtOAc=1:1) to
give 17b (277.7 mg, 84%) as a colorless gummy oil. 1H NMR (300 MHz,
CDCl3, 25 8C): d=0.08 (s, 6H), 0.91 (s, 9H), 0.99 (t, J=7.5 Hz, 3H), 1.32
(s, 3H), 1.54 (s, 3H), 1.60–1.78 (m, 2H), 2.50 (s, 3H), 3.70 (dd, J=10.2,
9.0 Hz, 1H), 3.76 (dd, J=9.9, 5.7 Hz, 1H), 3.88 (ddd, J=13.0, 11.4,
6.0 Hz, 1H), 4.08 (ddd, J=13.0, 10.2, 6.0 Hz, 1H), 4.28 (ddd, J=9.2, 6.0,
1.2 Hz, 1H), 4.58 (d, J=6.0 Hz, 1H), 4.67 (dd, J=14.4, 1.2 Hz, 1H), 4.82
(dd, J=6.0, 1.2 Hz, 1H), 4.85 (dd, J=14.4, 1.2 Hz, 1H), 6.24 ppm (s,
1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=�5.5, �5.3, 11.2, 17.3, 18.2,
21.5, 23.9, 25.7, 25.8, 45.8, 64.0, 68.6, 81.9, 85.0, 86.7, 107.2, 112.5, 113.1,
116.7, 145.7, 152.4, 163.0 ppm; MS (ESI): m/z=488 [M+Na]+ ; elemental
analysis: calcd (%) for C24H39NO6Si (465.66): C 61.90, H 8.44, N 3.01;
found: C 61.59, H 8.79, N 2.97.


Representative procedure for Sonogashira reaction with phenylacetylene:
20 from 19 : A solution of [PdACHTUNGTRENNUNG(PPh3)4] (11.5 mg, 0.010 mmol), CuI
(4.1 mg, 0.021 mmol), 19 (92.4 mg, 0.199 mmol), and phenylacetylene
(61.4 mg, 0.601 mmol) in degassed iPr2NH (2.2 mL) was stirred at 40 8C
for 1 h. The reaction was quenched with HCl (1n, 15 mL) and extracted
with EtOAc (4O15 mL). The combined organic layer was then washed
with brine (20 mL) and dried with MgSO4. After the solvent was re-
moved in vacuo, the residue was purified by flash column chromatogra-
phy on silica gel (hexane/EtOAc=10:1–5:1) to give 20 (79.9 mg, 92%) as
a pale-yellow oil. 1H NMR (300 MHz, CDCl3, 25 8C): d =2.47 (s, 3H),
3.14 (s, 3H), 3.32 (dd, J=9.9, 8.1 Hz, 1H), 3.36 (s, 3H), 3.54 (dd, J=11.4,
1.8 Hz, 1H), 3.58–3.70 (m, 3H), 3.59 (s, 3H), 3.69 (s, 3H), 3.94 (ddd, J=


10.2, 4.2, 1.8 Hz, 1H), 5.23 (d, J=13.2 Hz, 1H), 5.29 (d, J=13.2 Hz, 1H),
7.08 (d, J=7.8 Hz, 1H), 7.31–7.38 (m, 3H), 7.38 (d, J=7.8 Hz, 1H), 7.45–


7.51 ppm (m, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d =17.8, 59.3, 60.2,
60.4, 60.9, 71.5, 72.8, 73.3, 79.8, 83.8, 85.2, 86.2, 92.9, 111.0, 114.5, 123.2,
128.5, 128.6, 130.4, 131.7, 132.2, 134.1, 136.2, 143.4 ppm; MS (ESI): m/z=


461 [M+Na]+ ; elemental analysis: calcd (%) for C26H30O6 (438.51): C
71.21, H 6.90; found: C 71.10, H 7.01.


25 : Colorless gummy oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=0.10 (s,
3H), 0.11 (s, 3H), 0.93 (s, 9H), 1.32 (s, 3H), 1.58 (s, 3H), 2.54 (s, 3H),
3.77 (dd, J=10.2, 9.0 Hz, 1H), 3.82 (dd, J=10.2, 6.0 Hz, 1H), 4.35 (ddd,
J=9.0, 6.0, 1.8 Hz, 1H), 4.71 (d, J=5.7 Hz, 1H), 4.88 (dd, J=5.7, 1.8 Hz,
1H), 5.02 (d, J=13.5 Hz, 1H), 5.18 (d, J=13.5 Hz, 1H), 7.12 (d, J=


8.1 Hz, 1H), 7.32–7.37 (m, 3H), 7.39 (d, J=8.1 Hz, 1H), 7.46–7.51 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=�5.1, �5.0, 18.5, 19.3,
24.2, 26.0, 26.1, 64.4, 70.7, 82.3, 85.9, 86.1, 87.2, 92.7, 112.7, 113.8, 123.0,
128.3, 130.5, 131.4, 132.0, 133.3, 137.3, 142.9 ppm; MS (EI): m/z (%)=
507 (10) [MH]+ , 491 (34) [M�CH3]


+ , 450 (100) [MH�C ACHTUNGTRENNUNG(CH3)3]
+ ; ele-


mental analysis: calcd (%) for C30H38O5Si (506.71): C 71.11, H 7.56;
found: C 71.05, H 7.62.


Representative procedure for Mizoroki–Heck reaction with styrene: 21
from 19 : A solution of [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (5.1 mg, 0.0050 mmol), S-Phos
(9.1 mg, 0.022 mmol), 19 (92.6 mg, 0.199 mmol), and styrene (41.8 mg,
0.40 mmol) in degassed DMF/Et3N (3.3 mL/0.7 mL) was stirred at 85 8C
for 24 h. The reaction was quenched with HCl (1n, 15 mL), and the mix-
ture was diluted with H2O (15 mL) and extracted with EtOAc (3O
15 mL). The combined organic layer was then washed with brine (20 mL)
and dried with MgSO4. After the solvent was removed in vacuo, the resi-
due was purified by flash column chromatography on silica gel (hexane/
EtOAc=9:1) to give 21 (62.6 mg, 71%) as a colorless oil. 1H NMR
(300 MHz, CDCl3, 25 8C): d =2.47 (s, 3H), 3.14 (s, 3H), 3.32 (ddd, J=


10.5, 6.0, 3.0 Hz, 1H), 3.37 (s, 3H), 3.54 (dd, J=10.8, 1.8 Hz, 1H), 3.58–
3.60 (m, 1H), 3.59 (s, 3H), 3.63–3.69 (m, 2H), 3.69 (s, 3H), 3.94 (ddd, J=


10.2, 3.9, 1.8 Hz, 1H), 5.28 (d, J=12.5 Hz, 1H), 5.34 (d, J=12.5 Hz, 1H),
6.92 (s, 2H), 7.10 (d, J=7.8 Hz, 1H), 7.17–7.51 ppm (m, 6H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=17.6, 59.3, 60.1, 60.3, 60.9, 71.5, 72.7, 72.8,
79.8, 83.7, 85.2, 110.5, 125.5, 126.6, 126.8, 127.9, 128.8, 129.1, 130.1, 130.7,
132.7, 136.3, 137.3, 138.7 ppm; MS (ESI): m/z=463 [M+Na]+ ; elemental
analysis: calcd (%) for C26H32O6 (440.53): C 70.89, H 7.32; found: C
70.57, H 7.64.


26 : Colorless gummy oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=0.10 (s,
3H), 0.11 (s, 3H), 0.93 (s, 9H), 1.31 (s, 3H), 1.58 (s, 3H), 2.53 (s, 3H),
3.78 (dd, J=10.2, 8.7 Hz, 1H), 3.82 (dd, J=10.2, 6.0 Hz, 1H), 4.35 (ddd,
J=8.7, 6.0, 1.5 Hz, 1H), 4.72 (d, J=5.7 Hz, 1H), 4.88 (dd, J=5.7, 1.5 Hz,
1H), 5.06 (d, J=12.6 Hz, 1H), 5.21 (d, J=12.6 Hz, 1H), 6.88 (d, J=


16.5 Hz, 1H), 6.95 (d, J=16.5 Hz, 1H), 7.13 (d, J=8.1 Hz, 1H), 7.25–7.39
(m, 3H), 7.45–7.49 ppm (m, 3H); 13C NMR (75 MHz, CDCl3, 25 8C): d=


�5.1, �5.0, 18.5, 19.1, 24.2, 26.0, 26.1, 64.4, 70.2, 82.3, 85.8, 87.1, 112.7,
118.5, 125.1, 126.4, 126.7, 127.7, 128.5, 128.6, 129.7, 130.8, 133.4, 136.0,
137.1, 138.4 ppm; MS (EI): m/z (%)=508 (16) [M]+ , 493 (7) [M�CH3]


+ ,
451 (100) [M�C ACHTUNGTRENNUNG(CH3)3]


+ , 393 (64) [M�SiMe2tBu]+ ; elemental analysis:
calcd (%) for C30H40O5Si (508.72): C 70.83, H 7.93; found: C 70.66, H
8.09.


Representative procedure for Suzuki–Miyaura coupling with p-methoxy-
phenylboronic acid: A solution of [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (8.8 mg,
0.0085 mmol), S-Phos (7.7 mg, 0.019 mmol), 19 (75.9 mg, 0.164 mmol), p-
methoxyphenylboronic acid (50.0 mg, 0.33 mmol), and K3PO4 (101.3 mg,
0.48 mmol) in degassed toluene (2.5 mL) was stirred at 110 8C for 20 h.
The reaction was quenched with saturated NH4Cl (10 mL), and the mix-
ture was extracted with EtOAc (3O10 mL). The combined organic layer
was then washed with brine (40 mL) and dried with MgSO4. After the
solvent was removed in vacuo, the residue was purified by flash column
chromatography on silica gel (hexane/EtOAc=4:1–2:1) to give 22
(70.5 mg, 97%) as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=


2.49 (s, 3H), 3.18 (s, 3H), 3.34 (ddd, J=9.3, 7.5, 1.2 Hz, 1H), 3.37 (s,
3H), 3.54 (dd, J=11.1, 1.8 Hz, 1H), 3.57–3.72 (m, 3H), 3.69 (s, 3H), 3.84
(s, 3H), 3.92 (ddd, J=9.9, 4.2, 1.8 Hz, 1H), 5.16 (d, J=12.9 Hz, 1H), 5.27
(d, J=12.9 Hz, 1H), 6.92 (s, 2H), 6.92–6.96 (m, 2H), 7.24 (d, J=7.8 Hz,
1H), 7.27–7.31 ppm (m, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d =17.6,
55.3, 59.3, 60.2, 60.4, 60.9, 71.5, 72.7, 73.0, 79.9, 83.7, 85.3, 110.5, 114.2,
129.1, 129.5, 130.8, 131.9, 132.4, 133.4, 136.4, 138.5, 159.1 ppm; MS (ESI):
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m/z=467 [M+Na]+ ; elemental analysis: calcd (%) for C25H32O7


(444.52): C 67.55, H 7.26; found: C 67.36, H 7.45.


27: Yellow gummy oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=0.08 (s,
6H), 0.91 (s, 9H), 1.33 (s, 3H), 1.60 (s, 3H), 2.55 (s, 3H), 3.75 (dd, J=


10.2, 9.0 Hz, 1H), 3.80 (dd, J=10.2, 6.0 Hz, 1H), 3.84 (s, 3H), 4.35 (ddd,
J=9.0, 6.0, 1.8 Hz, 1H), 4.76 (d, J=6.0 Hz, 1H), 4.88 (dd, J=6.0, 1.8 Hz,
1H), 4.99 (d, J=12.9 Hz, 1H), 5.04 (d, J=12.9 Hz, 1H), 6.92–6.96 (m,
2H), 7.18 (d, J=7.8 Hz, 1H), 7.23–7.28 ppm (m, 3H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=�5.2, �5.0, 18.5, 18.9, 24.1, 26.1, 55.3, 64.3,
70.4, 82.4, 85.4, 87.0, 112.7, 113.9, 118.4, 128.9, 129.4, 130.8, 132.1, 132.8,
133.5, 135.0, 138.2, 158.7 ppm; MS (EI): m/z (%)=512 (9) [M]+ , 497 (12)
[M�CH3]


+ , 455 (100) [M�C ACHTUNGTRENNUNG(CH3)3]
+ ; elemental analysis: calcd (%) for


C29H40O6Si (512.71): C 67.94, H 7.86; found: C 67.90, H 7.90.


Representative procedure for Suzuki–Miyaura coupling with 28 : 29 from
19 : A solution of [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (5.2 mg, 0.0051 mmol), SPhos
(9.1 mg, 0.022 mmol), 19 (92.6 mg, 0.200 mmol), 28 (161.4 mg,
0.398 mmol), and K3PO4 (127.5 mg, 0.60 mmol) in degassed toluene/H2O
(3 mL/30 mL) was stirred at 110 8C for 15 h. The reaction was quenched
with saturated NH4Cl (30 mL), and the mixture was extracted with
EtOAc (3O30 mL). The combined organic layer was then washed with
brine (60 mL) and dried with MgSO4. After the solvent was removed in
vacuo, the residue was purified by flash column chromatography on silica
gel (hexane/EtOAc=5:1–1:1) to give 29 (92.4 mg, 75%) as a colorless
gummy oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=1.42 (s, 9H), 2.50 (s,
3H), 3.08–3.13 (m, 2H), 3.18 (s, 3H), 3.30–3.34 (m, 1H), 3.37 (s, 3H),
3.54 (dd, J=10.8, 1.8 Hz, 1H), 3.59 (s, 3H), 3.63–3.70 (m, 3H), 3.69 (s,
3H), 3.72 (s, 3H), 3.92 (ddd, J=9.9, 3.9, 1.8 Hz, 1H), 4.58–4.64 (m, 1H),
4.98–5.02 (m, 1H), 5.15 (d, J=12.6 Hz, 1H), 5.26 (d, J=12.6 Hz, 1H),
7.14–7.31 ppm (m, 6H); 13C NMR (75 MHz, CDCl3, 25 8C): d =17.5, 24.7,
28.2, 38.0, 52.1, 54.3, 59.2, 60.1, 60.3, 60.8, 71.4, 72.7, 72.9, 80.0, 83.7, 85.2,
110.4, 128.0, 129.5, 129.6, 130.8, 132.4, 133.2, 135.3, 136.4, 138.6 ppm; MS
(ESI): m/z=638 [M+Na]+ ; elemental analysis: calcd (%) for
C33H45NO10 (615.71): C 64.37, H 7.37, N 2.27; found: C 64.14, H 7.75, N
2.11.


30 : Colorless oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=0.08 (s, 6H),
0.91 (s, 9H), 1.33 (s, 3H), 1.41 (s, 9H), 1.60 (s, 3H), 2.55 (s, 3H), 3.05
(dd, J=13.5, 5.7 Hz, 1H), 3.15 (dd, J=13.5, 6.0 Hz, 1H), 3.73 (s, 3H),
3.75 (dd, J=9.9, 9.0 Hz, 1H), 3.80 (dd, J=10.2, 5.7 Hz, 1H), 4.35 (ddd,
J=9.0, 6.0, 1.5 Hz, 1H), 4.56–4.66 (m, 1H), 4.76 (d, J=5.7 Hz, 1H), 4.88
(dd, J=6.0, 1.5 Hz, 1H), 4.98 (d, J=12.6 Hz, 1H), 5.04 (d, J=12.6 Hz,
1H), 7.18 (t, J=7.8 Hz, 3H), 7.26 ppm (d, J=7.8 Hz, 3H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=�5.4, �5.3, 18.3, 18.7, 24.0, 25.2, 25.9, 26.0,
28.2, 38.1, 52.2, 54.3, 64.3, 70.3, 80.0, 82.4, 85.5, 87.1, 112.9, 118.6, 128.1,
129.7, 131.1, 132.9, 133.9, 135.3, 135.8, 138.5, 138.6, 155.2, 172.5 ppm; MS
(ESI): m/z=706 [M+Na]+ ; elemental analysis: calcd (%) for
C37H53NO9Si (683.90): C 64.98, H 7.81, N 2.05; found: C 64.87, H 8.08, N
1.89.


Representative procedure for copper-catalyzed coupling of iodophthalans
with 32a : 33a from 31: A solution of CuI (9.51 mg, 0.050 mmol), N,N’-di-
methylethylenediamine (17.6 mg, 0.20 mmol), 31 (259.4 mg, 0.997 mmol),
32a (140.6 mg, 1.20 mmol), and K3PO4 (446.4 mg, 2.10 mmol) in degassed
toluene (1 mL) was stirred at 110 8C for 20 h. The reaction mixture was
diluted with EtOAc (10 mL) and filtered through a pad of celite. The res-
idue was washed with EtOAc (10 mL), and the filtrate was concentrated
in vacuo. The residue was purified by flash column chromatography on
silica gel (hexane/EtOAc=30:1) to give 33a (236.1 mg, 95%) as a yellow
oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=2.33 (s, 3H), 5.02–5.03 (m,
2H), 5.18 (s, 2H), 6.67 (d, J=3.3 Hz, 1H), 7.13–7.27 (m, 6H), 7.68 ppm
(dd, J=6.3, 1.5 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d =18.4,
72.9, 73.4, 103.3, 110.3, 120.2, 121.0, 122.2, 125.2, 127.6, 128.6, 129.6,
130.5, 131.2, 134.8, 136.1, 140.3 ppm; MS (ESI): m/z=250 [M+H]+ ; ele-
mental analysis: calcd (%) for C17H15NO (249.31): C 81.90, H 6.06, N
5.62; found: C 82.00, H 6.02, N 5.52.


34 : Colorless solid. M.p.: 55.1–56.5 8C; 1H NMR (300 MHz, CDCl3,
25 8C): d=0.08 (s, 6H), 0.91 (s, 9H), 1.36 (s, 3H), 1.62 (s, 3H), 2.61 (s,
3H), 3.73 (dd, J=10.2, 9.0 Hz, 1H), 3.79 (dd, J=10.5, 6.0 Hz, 1H), 4.38
(ddd, J=9.0, 6.0, 1.5 Hz, 1H), 4.78 (d, J=6.0 Hz, 1H), 4.82 (s, 2H), 4.89
(dd, J=6.0, 1.8 Hz, 1H), 6.65 (d, J=3.0 Hz, 1H), 7.13 (d, J=3.0 Hz, 1H),


7.13–7.34 (m, 5H), 7.66–7.69 ppm (m, 1H); 13C NMR (75 MHz, CDCl3,
25 8C): d=�5.3, �5.2, 18.4, 18.8, 24.1, 25.9, 26.0, 64.2, 69.1, 82.3, 85.7,
87.2, 103.4, 110.4, 112.9, 118.6, 120.3, 121.0, 122.3, 127.3, 127.7, 128.6,
130.9, 131.8, 135.4, 136.3, 136.4, 137.2 ppm; MS (ESI): m/z=544 [M+


Na]+ ; elemental analysis: calcd (%) for C30H39NO5Si (521.72): C 69.06, H
7.53, N 2.68; found: C 69.29, H 7.77, N 2.62.


Representative procedure for copper-catalyzed coupling of iodophthalans
with 32b : 33b from 31: A solution of CuI (9.50 mg, 0.050 mmol), N,N’-di-
methylethylenediamine (17.6 mg, 0.20 mmol), 31 (259.4 mg, 0.997 mmol),
32b (136.2 mg, 2.00 mmol), and Cs2CO3 (683.4 mg, 2.10 mmol) in de-
gassed DMF (1 mL) was stirred at 110 8C for 25 h. The reaction mixture
was diluted with EtOAc (10 mL) and filtered through a pad of celite. The
residue was washed with EtOAc (10 mL), and the filtrate was concentrat-
ed in vacuo. The residue was purified by flash column chromatography
on silica gel (hexane/EtOAc=1:1–0:1) to give 33b (186.2 mg, 93%) as a
colorless solid. M.p.: 81.9–82.5 8C; 1H NMR (300 MHz, CDCl3, 25 8C):
d=2.30 (s, 3H), 5.15 (s, 2H), 5.16 (s, 2H), 7.11–7.20 (m, 4H), 7.66 ppm
(s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=18.4, 72.8, 73.4, 118.8,
122.6, 129.6, 129.9, 130.1, 131.2, 132.3, 136.3, 140.7 ppm; MS (EI): m/z
(%)=200 (100) [M]+ , 172 (77) [M�CO]+ , 156 (21) [M�O ACHTUNGTRENNUNG(CH2)2]


+ , 145
(45) [M�CO�HCN]+ , 130 (58) [M�OACHTUNGTRENNUNG(CH2)2�CN]+ ; elemental analysis:
calcd (%) for C12H12N2O (200.24): C 71.98, H 6.04, N 13.99; found: C
72.24, H 5.89, N 13.88.


35 : Colorless solid. M.p.: 62.5–63.2 8C; 1H NMR (300 MHz, CDCl3,
25 8C): d=1.31 (s, 3H), 1.58 (s, 3H), 2.55 (s, 3H), 3.66 (br s, 1H), 3.72–
3.84 (m, 2H), 4.54 (s, 1H), 4.78 (d, J=6.0 Hz, 1H), 4.98 (s, 2H), 5.03 (dd,
J=6.0, 1.8 Hz, 1H), 7.05 (s, 1H), 7.17–7.28 (m, 3H), 7.60 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=18.5, 23.8, 25.7, 63.5, 68.7, 80.8,
86.2, 88.4, 113.0, 118.3, 118.9, 124.8, 129.1, 130.0, 131.9, 134.2, 134.9,
136.3, 137.0 ppm; MS (ESI): m/z=381 [M+Na]+ ; elemental analysis:
calcd (%) for C19H22N2O5 (358.39): C 63.67, H 6.19, N 7.82; found: C
63.83, H 6.23, N 7.61.


Crystallographic Structural Determination


8 : Single crystals suitable for X-ray analysis were obtained by recrystalli-
zation from EtOAc/hexane. A crystal was mounted on a glass fiber, and
X-ray diffraction data were collected at 293 K on a Brucker SMART
APEX CCD diffractometer with graphite-monochromated MoKa radia-
tion (l=0.71073 H). Absorption correction was made with SADABS.
The structure was solved by direct methods and refined by full-matrix
least squares on F2 by using SHELXTL.[41] All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen atoms
were placed in calculated positions.


35 : Single crystals suitable for X-ray analysis were obtained by recrystal-
lization from CHCl3. A crystal was mounted on a glass fiber, and X-ray
diffraction data were collected at 93 K on a Rigaku Saturn CCD area de-
tector with graphite-monochromated MoKa radiation (l =0.71070 H). An
empirical absorption correction was applied, which resulted in transmis-
sion factors of 0.844–0.952. The data were corrected for Lorentz and po-
larization effects. The structure was solved by direct methods and refined
by full-matrix least squares on F2 by using the CrystalStructure program
package.[42] All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. All hydrogen atoms were placed in calculated po-
sitions.


CCDC-633441 (8) and -656904 (35) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge, CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk) or at www.ccdc.cam.ac.uk/conts/retrieving.html.
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Introduction


Polyfunctionalized conjugate molecules such as 2,3-disubsti-
tuted 1,3-butadienes serve as useful intermediates for bio-
logically active compounds and as functionalized monomers
for polybutadienes and their copolymers.[1] Among these
compounds, a 1,3-butadien-2,3-diyl skeleton is found in den-
dralenes, a class of acyclic cross-conjugated polyenes that
exhibit unique electronic properties not found in linear con-
jugated organic compounds.[2] Although cross-conjugated
polyenes such as radialenes have been extensively studied,[3]


dendralenes remain unexplored probably due to limited
preparation methods. Organodimetallic compounds have
emerged as a versatile class of reagents in organic synthesis,
because these compounds have been demonstrated to per-
form efficiently two carbon–carbon bond formations in one
vessel by a single operation or stepwise manipulations to
achieve rapid and efficient syntheses of target carbon frame-
works.[4] Given that the transition-metal-catalyzed cross-cou-


pling reaction is one of the most valuable methods for bond
formation at sp2-hybridized carbon atoms,[5] 2,3-dimetalated
1,3-butadienes appear to be highly attractive reagents for
the convenient synthesis of 2,3-disubstituted 1,3-butadienes,
although they have remained unexplored except for 2,3-bis-
(trimethylstannyl)-1,3-butadiene.[6] We report herein the
facile synthesis of 2,3-bis(pinacolatoboryl)-1,3-butadiene (3)
and its Pd-catalyzed cross-coupling reactions with aryl io-
dides, benzyl chloride, and alkenyl iodides to provide a con-
cise synthesis of 2,3-diaryl-1,3-butadienes 4, anolignan B (5),
and functionalized dendralenes 6, respectively (Scheme 1).[7]


Results and Discussion


Facile Synthesis of 2,3-Diboryl-1,3-dienes


During the course of our studies on the gem-diborylation of
alkylidene-type lithium carbenoids with bis(pinacolato)di-
boron (1),[8] we found that 2,3-bis(pinacolatoboryl)-1,3-buta-
diene (3) was produced when 1 was treated with 1-bromo-1-
lithioethene in excess. Formation of 3 was ascribed to the re-
action of 1,1-bis(pinacolatoboryl)ethene (2), the initial gem-
diborylated product, with another 1-bromo-1-lithioethene to
give a borate intermediate 7, followed by 1,2-migration of
the 1-borylethenyl group (Scheme 2).[9]


To clarify the assumed reaction sequence, we examined
the reaction of 2 with 1-bromo-1-lithioethene. The results
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bromo-1-lithioethene gave 2,3-bis(pina-
colatoboryl)-1,3-butadiene in high
yield. Palladium-catalyzed cross-cou-
pling of the resulting diborylbutadiene
with aryl iodides took place smoothly
in the presence of a catalytic amount
of Pd ACHTUNGTRENNUNG(OAc)2/PPh3 and aqueous KOH


to give 2,3-diaryl-1,3-butadienes in
good yields. The coupling reaction with
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are shown in Table 1. Compound 2 was added to a solution
of 1-bromo-1-lithioethene (1 equiv) in THF/Et2O (2:1),
which was generated from vinyl bromide and lithium
2,2,6,6-tetramethylpiperidide (LiTMP), at �110 8C to give 3
in only 7% yield (Table 1, entry 1). Given that 1 reacted
with an equimolar amount of 1-bromo-1-lithioethene to give
2 in 91% yield,[8a,b] the low yield here indicates that the re-
action of the lithium carbenoid with 2 is slower than that
with 1 and apparently competes with carbenoid decomposi-
tion. Next, we increased the amount of 1-bromo-1-lithio-
ACHTUNGTRENNUNGethene (Table 1, entries 2–4). The highest yield of 3 was ob-
tained when 5 equivalents of vinyl bromide and LiTMP
were employed (Table 1, entry 3).[10] Notably, although 2-(pi-
nacolatoboryl)-1,3-butadiene is reportedly susceptible to di-
merization,[11] 3 can be purified by column chromatography
on silica gel. Carbenoid generation carried out in the pres-
ence of 2 resulted in a lower yield (59%) of 3, whereas reac-


tion of 2-substituted 1-bromo-1-lithioethene with 2 did not
proceed at all.
The one-pot synthesis of 3 from 1 is also possible. As


shown in Scheme 3, treatment of vinyl bromide (5 equiv)
with LiTMP (5 equiv) at �110 8C followed by the addition
of 1 gave 3 in 82% yield.


Palladium-Catalyzed Double-Cross-Coupling Reaction of
2,3-Bis(pinacolatoboryl)-1,3-butadiene with Organic Halides


With 3 in hand, we scrutinized its Pd-catalyzed double-
cross-coupling reactions with organic halides.[14] First, we
chose iodobenzene as a model electrophile for the prepara-
tion of 2,3-diaryl-1,3-butadienes and screened Pd catalysts
with aqueous KOH as a base in 1,4-dioxane.[15] The results
are summarized in Table 2. Among the tested palladium cat-
alysts (Table 2, entries 1–5), Pd ACHTUNGTRENNUNG(OAc)2 (10 mol%)/PPh3
(40 mol%) gave the highest yield of 4a (Table 2, entry 5).
Under the same conditions, 4-methyl-, 4-trifluoromethyl-, 4-
methoxy-, and 4-phenyliodobenzene coupled with 3 to pro-
duce the corresponding 2,3-diaryl-1,3-butadienes (4b–e) in
good yields (Table 2, entries 6–9).
Anolignan A and B were isolated from Anogeissus acumi-


nata ; these compounds are the active inhibitory constituents
of HIV-1 reverse transcriptase in the plant (Scheme 4).[16]


Meanwhile, a bioactivity-guided fractionation of an extract
from Terminalia bellerica led to the isolation of termilignan,
which exhibits anti-HIV-1, antimalarial, and antifungal activ-
ities.[17] A structural feature of these lignans is that they
have a 2,3-bis(arylmethyl)-1,3-butadiene moiety that can be
prepared by the double-coupling reaction of 3 with aryl-


Abstract in Japanese:


Scheme 1. Synthesis and cross-coupling reactions of 3. B=pinacolatobo-
ACHTUNGTRENNUNGryl.


Scheme 2. Mechanism of 2,3-diboryl-1,3-butadiene formation.


Table 1. Preparation of 3 from 2.[a]


Entry LiTMP [equiv] Yield [%][b]


1 1 7
2 3 46
3 5 72
4 10 60


[a] A solution of 2 (0.5 mmol) in THF (0.1 mL) was added to a solution
of 1-bromo-1-lithioethene (X equiv) in THF (2 mL) and Et2O (1 mL) at
�110 8C. After 5 min, the reaction mixture was gradually warmed to
room temperature. [b] Yield of isolated product.


Scheme 3. One-pot synthesis of 3 from 1.
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methyl halides. We applied the optimized conditions for aryl
iodides to the reaction with commercially available chloride
7 to demonstrate a facile synthesis of anolignan B (5). Treat-
ment of 3 with 7 under these conditions produced diacetate
8, which was directly treated with aqueous KOH without
isolation to give 5 in 56% overall yield (Scheme 5). This is
the shortest and most facile method for the synthesis of ano-
lignan B.


Growing interest has been focused on cross-conjugated
nonaromatic compounds as a potent platform for versatile
p-conjugated systems owing to their unique electronic struc-
tures and properties, which are not exhibited in linearly con-
jugated p systems (Scheme 6).[18] Whereas the electronic


properties of radialenes and fulvenes have been extensively
studied so far, dendralenes, acyclic cross-conjugated poly-
enes based on a 3-methylene-1,4-pentadiene unit, remains
yet to be studied, probably because synthetic methods of
dendralenes are quite limited. For example, [n]dendralenes
(n>4) were unknown until the recent study by Sherburn
and co-workers, who succeeded in preparing [5]- to [8]den-
dralenes by the coupling of 2,3-bis(trimethylstannyl)-1,3-bu-
tadiene with 3-iodosulfol-3-ene followed by cheletropic
elimination of SO2 upon heating at 450 8C.


[6b] Therefore, de-
velopment of a facile synthetic method for functionalized
dendralenes is of significant importance in organic synthe-
sis.[19]


We envisioned that the Pd-catalyzed coupling of 3 with
functionalized alkenyl or dienyl halides would become a
new and concise synthetic method for symmetrical [4]- and
[6]dendralenes and unsymmetrical [3]- and [5]dendralenes
(Scheme 7). Furthermore, the coupling reaction of 2 with
dienyl halides is expected to open a way to symmetrical [5]-
and unsymmetrical [4]dendralenes.
At first, we examined the double cross-coupling of 3 with


3 equivalents of a-bromostyrene. The results are summar-
ized in Table 3. The coupling reaction in the presence of
[Pd ACHTUNGTRENNUNG(PPh3)4], [PdCl2 ACHTUNGTRENNUNG(dppf)], or [Pd2ACHTUNGTRENNUNG(dba)3]/PACHTUNGTRENNUNG(tBu)3 with
aqueous KOH in THF at 50 8C resulted in low yields of
[4]6a (Table 3, entries 1–3), whereas [Pd{PACHTUNGTRENNUNG(tBu)3}2] catalyzed
the reaction smoothly to give [4]6a in 60% yield (Table 3,
entry 4). Use of aqueous Cs2CO3 in THF gave comparable
results to the aqueous KOH/THF system (Table 3, entry 5).
Finally, the combination of aqueous Cs2CO3/1,4-dioxane was
found to be best: it gave 2a in 73% yield (Table 3, entry 6).
Under the optimized conditions, cross-coupling of 1b with
1-bromo-1-(4-nitrophenyl)ethene gave the corresponding
[4]6b in good yield (Table 3, entry 8), but the conditions
were not applicable to the reaction with 1-bromo-1-tri-
ACHTUNGTRENNUNGmethylsilylethene (Table 3, entry 9). In this case, the aque-
ous KOH/THF system was effective and gave [4]6c in 37%
yield (Table 3, entry 10). On the other hand, the cross-cou-
pling of 3 with a-iodostyrene and 1-(4-fluorophenyl)-1-io-
doethene in the presence of [Pd2ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3 proceeded
at room temperature to give [4]6a and [4]6d in 63 and 47%
yield, respectively (Table 3, entries 12 and 13). In these
cases, the [Pd2ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3 combination was better than
[Pd{P ACHTUNGTRENNUNG(tBu)3}2], which was good for the coupling with a-bro-


Table 2. Cross-coupling reaction of 3 with an aryl iodide.[a]


Entry Ar Pd catalyst (quantity [mol%]) 4 Yield [%][b]


1 C6H5 [Pd ACHTUNGTRENNUNG(PPh3)4] (1) 4a 71
2 C6H5 ACHTUNGTRENNUNG[PdCl2ACHTUNGTRENNUNG(PPh3)2] (10) 4a 62
3[c] C6H5 ACHTUNGTRENNUNG[Pd2 ACHTUNGTRENNUNG(dba)3] (1.5)/P ACHTUNGTRENNUNG(tBu)3 (3.6) 4a 31
4 C6H5 ACHTUNGTRENNUNG[Pd2 ACHTUNGTRENNUNG(dba)3] (10) 4a 37
5 C6H5 Pd ACHTUNGTRENNUNG(OAc)2 (10)/PPh3 (40) 4a 75
6 4-Me-C6H4 Pd ACHTUNGTRENNUNG(OAc)2 (10)/PPh3 (40) 4b 75
7 4-MeO-C6H4 Pd ACHTUNGTRENNUNG(OAc)2 (10)/PPh3 (40) 4c 81
8 4-CF3-C6H4 Pd ACHTUNGTRENNUNG(OAc)2 (10)/PPh3 (40) 4d 68
9 4-C6H5-C6H4 Pd ACHTUNGTRENNUNG(OAc)2 (10)/PPh3 (40) 4e 65


[a] Aqueous KOH (1m, 1.5 mL) was added to a solution of 3
(0.50 mmol), the aryl iodide (1.5 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (10 mol%), and PPh3
(40 mol%) in 1,4-dioxane (2 mL). The resulting mixture was stirred at
90 8C for 2 h. [b] Yield of isolated product. [c] The coupling reaction was
carried out at room temperature.


Scheme 4. 2,3-Bis(arylmethyl)-1,3-butadiene-type lignans.


Scheme 5. Facile and short total synthesis of anolignan B.


Scheme 6. Cross-conjugated molecules.
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mostyrene. Similarly, 3 coupled with 1-iodohex-1-ene upon
heating at 40 8C in the presence of [Pd2ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3 to
give [4]6e in 58% yield [Eq. (1)].


Unsymmetrical [3]dendralene is accessible by stepwise
coupling with alkenyl and aryl bromides. At first, monocou-
pled [3]6 f was obtained in 48% yield by the reaction of 3
with one equivalent of 4-(1-bromoethenyl)nitrobenzene.
Subsequent coupling of [3]6 f with 4-(dimethylamino)bromo-


benzene gave [3]6g, which has
a donor–p-acceptor electronic
structure (Scheme 8).
Higher homologues of den-


dralenes are available by the
use of dienyl iodide as a cou-
pling partner of 3. For exam-
ple, treatment of 3 with
3 equivalents of 2-iodo-3-phen-
ACHTUNGTRENNUNGylbuta-1,3-diene in the pres-
ence of [Pd2 ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3
and aqueous KOH in THF at
room temperature gave [6]6h
as the sole product in 32%
yield (Scheme 9); use of [Pd{P-
ACHTUNGTRENNUNG(tBu)3}2] as the catalyst gave
[6]6h in only 19% yield. On
the other hand, when the same
reaction was carried out with
Cs2CO3/H2O as a base in 1,4-


Scheme 7. Synthetic plan for [3]- to [6]dendralenes from 2 or 3.


Table 3. Synthesis of symmetrical [4]dendralenes by cross-coupling of 3 with alkenyl halides.[a]


Entry R X Pd cat. Base Solvent T [8C] [4]6 Yield [%][b]


1 C6H5 Br [Pd ACHTUNGTRENNUNG(PPh3)4] 6m aq. KOH THF 50 [4]6a 20
2 C6H5 Br ACHTUNGTRENNUNG[PdCl2ACHTUNGTRENNUNG(dppf)] 6m aq. KOH THF 50 [4]6a 6
3 C6H5 Br ACHTUNGTRENNUNG[Pd2 ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3


[c] 6m aq. KOH THF 50 [4]6a 22
4 C6H5 Br [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 6m aq. KOH THF 50 [4]6a 60
5 C6H5 Br [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 5m aq. Cs2CO3 THF 50 [4]6a 56
6 C6H5 Br [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 5m aq. Cs2CO3 1,4-dioxane 50 [4]6a 73
7 C6H5 Br [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 5m aq. Cs2CO3 DME 50 [4]6a trace
8 p-NO2-C6H4 Br [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 5m aq. Cs2CO3 1,4-dioxane 50 [4]6b 74
9 SiMe2Ph Br [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 5m aq. Cs2CO3 1,4-dioxane 50 [4]6c trace
10 SiMe2Ph Br [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 6m aq. KOH THF 50 [4]6c 37
11 C6H5 I [Pd{P ACHTUNGTRENNUNG(tBu)3}2] 6m aq. KOH THF RT [4]6a 23
12 C6H5 I ACHTUNGTRENNUNG[Pd2 ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3


[c] 6m aq. KOH THF RT [4]6a 63
13 p-F-C6H4 I ACHTUNGTRENNUNG[Pd2 ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3


[c] 6m aq. KOH THF RT [4]6d 47


[a] A solution of 3 (0.13 mmol), alkenyl halide (0.31 mmol), Pd catalyst (13 mmol), and base (0.78 mmol) in sol-
vent (1.0 mL) was stirred at room temperature or 50 8C. [b] Yield of isolated product. [c] [Pd2 ACHTUNGTRENNUNG(dba)3] (5 mol%)
and P ACHTUNGTRENNUNG(tBu)3 (20 mol%) were used.


Scheme 8. Synthesis of unsymmetrical [3]dendralenes.
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dioxane, monocoupled product [4]6 i was obtained as the
major product in 33% yield along with 5% of [6]6h. Subse-
quent reaction of [4]6 i with 1-iodohex-1-ene provided easy
access to unsymmetrical [5]dendralene [5]6 j.
The preparation of symmetrical [5]- and unsymmetrical


[4]dendralenes is also possible by double or stepwise cou-
pling of 2. Thus, treatment of a mixture of 2 in THF and 2-
iodo-3-phenylbuta-1,3-diene with [Pd{P ACHTUNGTRENNUNG(tBu)3}2] and aque-
ous KOH in THF gave only [5]6k in 37% yield, whereas
the use of Cs2CO3/H2O as a base in 1,4-dioxane afforded
boryl-substituted [3]dendralene [3]6 l as the major product,
which reacted with 1-iodohex-1-ene to give [4]6m in 55%
yield (Scheme 10).


UV/Vis Spectra of Dendralenes


UV/Vis spectra of phenyl-substituted dendralenes 4a, [4]6a,
and [6]6h were recorded in cyclohexane (1N10�5m) at room
temperature; the absorption maxima were at 243 (e=


24200) for 4a, 231 (e=42600) for [4]6a, and 225 nm (e=


30000m
�1 cm�1) for [6]6h (Figure 1). Notably, all the absorp-


tion maxima exhibited blue shifts in proportion to the
number of exo-methylene bonds, which indicates that the
exo-methylene bonds prefer a twisted conformation rather
than a coplanar one.[20] Fluorescence emission was not ob-
served for these dendralenes in cyclohexane, in contrast to
the conjugated counterparts.[21]


The UV/Vis spectra of p-nitrophenyl-substituted dendra-
lenes recorded in cyclohexane (1N10�5m) at room tempera-


ture showed absorption maxima at 288 nm for [4]6b and at
291 nm for [3]6g (Figure 2). The absorption maxima ap-
peared at almost the same wavelength as that of p-nitrosty-
ACHTUNGTRENNUNGrene (290 nm). These results mean that the effective p-con-
jugation lengths in [3]6g and [4]6b are effectively similar to
that of p-nitrostyrene. No fluorescence emission was ob-
served with a solution of the dendralenes in cyclohexane.


Conclusions


We have established a facile synthesis of 2,3-bis(pinacolato-
boryl)-1,3-butadiene from 1,1-bis(pinacolatoboryl)ethene or


Scheme 9. Synthesis of symmetrical [6]- and unsymmetrical [5]dendra-
lenes.


Scheme 10. Synthesis of symmetrical [5]- and unsymmetrical [4]dendra-
lenes.


Figure 1. UV/Vis spectra of 4a, [4]6a, and [6]6h recorded in cyclohexane.
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bis(pinacolato)diboron with 1-bromo-1-lithioethene. The
methylene insertion was extended to the preparation of 2,3-
diboryl-1,3-dienes. The palladium-catalyzed cross-coupling
reaction of 2,3-bis(pinacolatoboryl)-1,3-butadiene with elec-
trophiles such as aryl iodides, a benzyl chloride, and alkenyl
halides was demonstrated to be a powerful strategy for the
convenient synthesis of 2,3-diaryl-1,3-butadiene, 1,3-buta-
dien-2,3-diyl-containing lignans, and functionalized dendra-
lenes.


Experimental Section


General


All manipulations of oxygen- and moisture-sensitive materials were con-
ducted with standard Schlenk techniques under argon atmosphere. Melt-
ing points were determined with a Yanagimoto Micro melting-point ap-
paratus and are uncorrected. 1H NMR spectra were recorded on Varian
Mercury 200 (200 MHz), 300 (300 MHz), and 400 (400 MHz) spectrome-
ters with tetramethylsilane (d =0 ppm) or chloroform (d=7.26 ppm) as
an internal standard. Splitting patterns are indicated as s= singlet, d=


doublet, t= triplet, q=quartet, and br s=broad singlet. 13C NMR spectra
were recorded on Varian Mercury 400 (100 MHz) and JEOL EX-270
(67.8 MHz) spectrometers with tetramethylsilane (d=0 ppm) or
[D]chloroform (d=77.0 ppm) as an internal standard. Owing to quadru-
polar relaxation, the carbon nucleus substituted by the boron atom was
not detected. 19F NMR spectra were recorded on a Varian Mercury 200
(188 MHz) spectrometer with CFCl3 as an internal standard (d=0 ppm).
29Si NMR spectra were recorded on a Varian Mercury 400 (80 MHz)
spectrometer with tetramethylsilane as an internal standard (d=0 ppm).
All chemical shifts are given in parts per million relative to the internal
standard. IR spectra were recorded on a Shimadzu FTIR-8400 spectrom-
eter. GC–MS analysis was performed with a JEOL JMS-700 spectrome-
ter with electron ionization at 70 eV. Elemental analysis was carried out
with a YANAKO MT2 CHN CORDER machine at the Elemental Anal-
ysis Center of Kyoto University. TLC analysis was performed by means
of Merck Kieselgel 60 F254. Column chromatography was carried out with
Wako gel C-200 or silica gel 60 (Kanto Chemical Co., Inc.). Solvents
such as THF, 1,4-dioxane, diethyl ether, and 1,2-dimethoxyethane
(DME) were distilled from benzophenone ketyl under argon atmosphere.
Butyllithium was purchased from Sigma–Aldrich Co., Inc. Bis(pinacola-
to)diboron was purchased from Boron Molecular Co., Inc.


Syntheses


Synthesis of 3 from 2 : Butyllithium in hexane (1.56m, 0.32 mL,
0.49 mmol) was added to a solution of 2,2,6,6-tetramethylpiperidine
(0.084 mL, 0.50 mmol) in THF (1 mL) and diethyl ether (0.5 mL) at 0 8C,
and the resulting solution was stirred at 0 8C for 5 min. A solution of
vinyl bromide (1.00m, 0.50 mL, 0.50 mmol) in THF and 1,1-[bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)]ethene (2 ; 25 mg, 0.10 mmol) in
THF (0.1 mL) were added successively to this solution at �110 8C. The
resulting mixture was allowed to warm gradually to room temperature
and stirred for 12 h. The reaction was quenched with 3 drops of saturated
aqueous NH4Cl, and the mixture was diluted with diethyl ether (10 mL)
and water (3 mL). The organic layer was separated, dried over anhydrous
magnesium sulfate, filtered, and concentrated in vacuo to give a colorless
solid, which was purified by column chromatography (200-mesh silica gel,
hexane/ethyl acetate=10:1) to give 3 (22 mg, 72%). Rf=0.33 (hexane/
ethyl acetate=10:1); m.p.: 140 8C (decomp.); IR (Nujol): ñ=1460, 1375,
1340, 1300, 1277, 1218, 1120, 1102, 959, 880, 847, 740, 682 cm�1; 1H NMR
(200 MHz, CDCl3): d=1.28 (s, 24H), 5.85 (d, J=3.9 Hz, 2H), 5.96 ppm
(d, J=3.9 Hz, 2H); 13C NMR (50 MHz, CDCl3): d =24.8, 83.5,
130.6 ppm; MS (EI): m/z (%)=307 [M+1]+ (7), 306 [M]+ (40), 305
[M�1]+ (20), 291 [M�Me]+ (9), 165 (100); elemental analysis: calcd (%)
for C16H28B2O4: C 62.80, H 9.22; found: C 62.53, H 9.42.


One-pot synthesis of 3 : Butyllithium in hexane (1.56m, 0.32 mL,
0.49 mmol) was added to a solution of 2,2,6,6-tetramethylpiperidine
(84 mL, 0.50 mmol) in THF (1 mL) and diethyl ether (0.5 mL) at 0 8C,
and the resulting solution was stirred at 0 8C for 5 min. This solution was
added to a solution of vinyl bromide (1.00m, 0.50 mL, 0.50 mmol) in THF
at �110 8C, followed by 1 (25 mg, 0.10 mmol) in THF (0.1 mL). The re-
sulting mixture was allowed to warm gradually to room temperature and
stirred for 12 h. The reaction was quenched with 3 drops of saturated
aqueous NH4Cl, and the mixture was diluted with diethyl ether (10 mL)
and water (3 mL). The organic layer was separated, dried over anhydrous
magnesium sulfate, filtered, and concentrated in vacuo to give a colorless
solid, which was purified by column chromatography (200-mesh silica gel,
hexane/ethyl acetate=10:1) to give 3 (25 mg, 82%).


General procedure for cross-coupling of 3 with an aryl iodide: A mixture
of 3 (31 mg, 0.10 mmol), iodobenzene (61 mg, 0.30 mmol), PdACHTUNGTRENNUNG(OAc)2
(2.3 mg, 10 mmol), PPh3 (11 mg, 40 mmol), and aqueous KOH (1m,


0.30 mL, 0.30 mmol) in 1,4-dioxane (2 mL) was heated at 90 8C for 2 h.
Workup and purification by column chromatography (silica gel) gave 2,3-
diphenylbuta-1,3-diene (4a, CAS No. 2548–47–2) as a white solid (15 mg,
75%). Rf=0.43 (hexane);


1H NMR (200 MHz, CDCl3): d=5.32 (d, J=


1.0 Hz, 2H), 5.55 (d, J=1.0 Hz, 2H), 7.20–7.50 ppm (m, 10H); 13C NMR
(50 MHz, CDCl3): d=105.3, 126.2, 127.7, 128.4, 134.9, 149.4 ppm; MS
(EI): m/z (%)=207 [M+1]+ (3), 206 [M]+ (32), 205 [M�1]+ (94), 218
(100).


4b : 2,3-Bis(4-methylphenyl)buta-1,3-diene (CAS No. 75416–81–8): Yield:
75%. Rf=0.35 (hexane);


1H NMR (200 MHz, CDCl3): d=2.33 (s, 6H),
5.28–5.30 (m, 2H), 5.53–5.55 (m, 2H), 7.06–7.12 (m, 4H), 7.27–7.34 ppm
(m, 4H); 13C NMR (50 MHz, CDCl3): d =21.2, 115.2, 127.2, 128.8, 137.1,
137.2, 149.6 ppm; MS (EI): m/z (%)=235 [M+1]+ (3), 234 [M]+ (32),
233 [M�1]+ (94), 218 (100).
4c : 2,3-Bis(4-methoxyphenyl)buta-1,3-diene (CAS No. 52255–88–6):
Yield: 81%. Rf=0.32 (hexane);


1H NMR (200 MHz, CDCl3) d=3.77 (s,
6H), 5.24 (d, J=1.6 Hz, 2H), 5.45 (d, J=1.6 Hz, 2H), 6.78–6.81 (m, 4H),
7.31–7.34 ppm (m, 4H); 13C NMR (50 MHz, CDCl3): d=55.2, 113.5,
114.3, 128.4, 132.5, 149.2, 158.9 ppm; MS (EI): m/z (%)=267 [M+1]+


(42), 266 [M]+ (100), 265 [M�1]+ (47), 251 (49), 234 (77), 121 (52).
4d : 2,3-Bis(4-trifluoromethylphenyl)buta-1,3-diene (CAS No. 839718–77–
4): Yield: 68%. Rf=0.45 (hexane);


1H NMR (200 MHz, CDCl3): d =5.43
(d, J=1.1 Hz, 2H), 5.64 (d, J=1.1 Hz, 2H), 7.48 (d, J=8.1 Hz, 4H),
7.55 ppm (d, J=8.1 Hz, 4H); 13C NMR (50 MHz, CDCl3): d=118.6,
124.0 (q, J=271.0 Hz), 125.3 (q, J=3.3 Hz), 127.7, 129.8 (q, J=32.3 Hz),
143.2, 148.1 ppm; MS (EI): m/z (%)=343 [M+1]+ (3), 342 [M]+ (13),
341 [M�1]+ (2), 253 (100).
5 : A mixture of 3 (70 mg, 0.23 mmol), 7 (0.13 g, 0.69 mmol), Pd ACHTUNGTRENNUNG(OAc)2
(5.2 mg, 23 mmol), PPh3 (24 mg, 92 mmol), and aqueous KOH (1m,


Figure 2. UV/Vis spectra of p-nitrophenyl-substituted dendralenes
ACHTUNGTRENNUNGrecorded in cyclohexane.
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0.70 mL, 0.69 mmol) in 1,4-dioxane (2 mL) was heated at 90 8C for 2 h.
The resulting mixture was poured into aqueous KOH (150 mg, 0.3 mL),
and the residue was rinsed with EtOH (2 mL). The solution was stirred
at room temperature for 14 h. The reaction mixture was diluted with di-
ethyl ether (3 mL) at 0 8C and then acidified with HCl (1m, 1 mL). The
aqueous layer was extracted with diethyl ether (2N20 mL). The com-
bined organic layer was washed with water (20 mL), dried over anhy-
drous MgSO4, filtered, and concentrated by a rotary evaporator. Purifica-
tion of the crude product by preparative HPLC gave 5 as a white solid
(35 mg, 56%). Rf=0.21 (hexane/ethyl acetate=9:1); 1H NMR (200 MHz,
CD3OD): d=3.37 (s, 4H), 4.81 (s, 2H), 5.12 (s, 2H), 6.55 (d, J=8.5 Hz,
4H), 6.83 ppm (d, J=8.5 Hz, 4H); 13C NMR (50 MHz, CD3OD): d=


40.9, 115.3, 130.6, 131.9, 147.8, 156.4 ppm; MS (EI): m/z (%)=267 [M+


1]+ (5), 266 [M]+ (10), 159 (100).


General procedure for Pd-catalyzed cross-coupling of 3 with an alkenyl
halide: 1-Bromo-(4-nitrophenyl)styrene (77 mg, 0.31 mmol) and aqueous
Cs2CO3 (5m, 66 mL) were added to a solution of 3 (41 mg, 0.13 mmol)
and [Pd{P ACHTUNGTRENNUNG(tBu3)}2] (6.8 mg, 13 mmol) in 1,4-dioxane (1 mL) at room tem-
perature. The mixture was stirred at 50 8C for 5 h before the reaction was
quenched with saturated aqueous NH4Cl (20 mL). The resulting mixture
was diluted with ethyl acetate (3N20 mL) at 0 8C. The combined organic
layer was washed with saturated aqueous NaCl (20 mL), dried over anhy-
drous magnesium sulfate, filtered, and concentrated in vacuo. The residue
was purified by preparative TLC (hexane/ethyl acetate=5:1) to give 3,4-
bis(methylidene)-2,5-(4-nitrophenyl)hexa-1,5-diene ([4]6b) as a yellow
solid (34 mg, 74%). Rf=0.33 (hexane/ethyl acetate=5:1); m.p.: 110 8C
(hexane); IR (neat): ñ=3099, 2926, 2853, 1595, 1516, 1344, 1109, 914,
860, 706 cm�1; 1H NMR (200 MHz, CDCl3): d=5.24 (d, J=1.6 Hz, 2H),
5.35 (d, J=1.4 Hz, 2H), 5.44 (d, J=1.2 Hz, 2H), 5.53 (d, J=1.2 Hz, 2H),
7.38–7.50 (m, 4H), 8.12–8.26 ppm (m, 4H); 13C NMR (67.8 MHz,
CDCl3): d=119.2, 120.3, 123.5, 127.9, 146.6, 147.1, 147.2, 147.3 ppm; MS
(FAB): m/z (%)=349 [M+1]+ (27), 348 [M]+ (100); HRMS (FAB): m/z
calcd for C20H16N2O4: 349.1188; found: 349.1187.


[4]6a : 2,5-Diphenyl-3,4-bis(methylidene)hexa-1,5-diene: Colorless oil,
yield: 73%. Rf=0.55 (hexane/ethyl acetate=10:1); IR (neat): ñ=3088,
3055, 3024, 1585, 1576, 1493, 1445, 1028, 905, 779, 698 cm�1; 1H NMR
(200 MHz, CDCl3): d=5.18 (d, J=2.0 Hz, 2H), 5.30 (d, J=2.0 Hz, 2H),
5.32 (d, J=1.6 Hz, 2H), 5.40 (d, J=1.6 Hz, 2H), 7.28–7.33 ppm (m,
10H); 13C NMR (67.8 MHz, CDCl3): d =115.9, 119.1, 127.5 (2C), 128.0,
140.6, 148.8, 149.2 ppm; MS (EI): m/z (%)=258 [M]+ (99), 257 [M�1]+
(100); HRMS (EI): m/z calcd for C20H18: 258.1409 [M]


+ ; found: 258.1408.


[4]6c : 2,5-(4-Dimethylphenylsilyl)-3,4-bis(methylidene)hexa-1,5-diene:
Colorless oil, yield: 37%. Rf=0.52 (hexane/ethyl acetate=10:1); IR
(neat): ñ=3069, 2957, 1576, 1427, 1248, 1115, 988, 905, 847, 837, 816, 731,
700 cm�1; 1H NMR (200 MHz, CDCl3): d=0.33 (s, 12H), 5.14 (d, J=


2.2 Hz, 2H), 5.28 (d, J=2.0 Hz, 2H), 5.89 (s, 1H), 5.98 (s, 1H), 6.60 (s,
1H), 6.69 (s, 1H), 7.27–7.43 (m, 6H), 7.43–7.57 ppm (m, 4H); 13C NMR
(67.8 MHz, CDCl3): d=�2.4, 118.6, 127.6, 128.8, 130.2, 133.7, 138.6,
145.7, 148.0 ppm; 29Si NMR (80 MHz, CDCl3): d = �10.7 ppm; MS (EI):
m/z (%)=375 [M+1]+ (8), 374 [M]+ (20), 135 [PhMe2Si]


+ (100); HRMS
(EI): m/z calcd for C24H30Si2: 374.1886 [M]


+ ; found: 374.1897.


[4]6d : 2,5-(4-Fluorophenyl)-3,4-bis(methylidene)hexa-1,5-diene: Color-
less oil, yield: 47%. Rf=0.55 (hexane/ethyl acetate=10:1); IR (neat):
ñ=3092, 1603, 1508, 1231, 1159, 907, 841 cm�1; 1H NMR (200 MHz,
CDCl3): d=5.18 (d, J=2.2 Hz, 2H), 5.27 (d, J=1.4 Hz, 2H), 5.29 (d, J=


2.0 Hz, 2H), 5.33 (d, J=1.6 Hz, 2H), 6.94–7.05 (m, 4H), 7.18–7.28 ppm
(m, 4H); 13C NMR (67.8 MHz, CDCl3): d=114.8 (d, J=21.2 Hz), 115.8,
119.1, 129.0 (d, J=7.8 Hz), 136.4 (d, J=3.4 Hz), 148.0, 148.6, 162.2 ppm
(d, J=245.0 Hz); 19F NMR (188 MHz, CDCl3): d =�115.4 ppm; MS (EI):
m/z (%)=294 [M]+ (100); HRMS (EI): m/z calcd for C20H16F2: 294.1220
[M]+ ; found: 294.1223.


[4]6e : 7,8-Bis(methylidene)tetradeca-5,9-diene: Colorless oil, yield: 58%.
Rf=0.70 (hexane); IR (neat): ñ=2959, 2926, 2956, 1458, 1379, 1261,
1095, 1024, 964, 891, 802, 760 cm�1; 1H NMR (400 MHz, CDCl3): d =0.89
(t, J=7.2 Hz, 6H), 1.27–1.39 (m, 8H), 2.05–2.12 (m, 4H), 4.90 (d, J=


2.0 Hz, 2H), 5.01 (d, J=2.0 Hz, 2H), 5.63 (dt, J=15.6, 7.2 Hz, 2H),
6.08 ppm (d, J=15.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=14.1,
22.4, 31.5, 32.5, 114.5, 130.5, 133.9, 147.3 ppm; MS (EI): m/z (%)=219


[M+1]+ (1), 218 [M]+ (6), 161 (100); HRMS (EI): m/z calcd for C16H26:
218.2035 [M]+ ; found: 218.2037.


[3]6 f : 3-Methylidene-2-(4-nitrophenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)penta-1,4-diene: Colorless oil, yield: 48%. Rf=0.40
(hexane/ethyl acetate=5:1); IR (neat): ñ=3082, 2978, 2934, 1595, 1520,
1344, 1313, 1221, 1148, 968, 914, 860, 851, 706 cm�1; 1H NMR (200 MHz,
CDCl3): d =1.29 (s, 12H), 5.17 (d, J=1.2 Hz, 1H), 5.39 (d, J=1.0 Hz,
1H), 5.56 (d, J=1.4 Hz, 1H), 5.62–5.67 (m, 2H), 5.87 (d, J=2.8 Hz, 1H),
7.51–7.59 (m, 2H), 8.12–8.20 ppm (m, 2H); 13C NMR (67.8 MHz,
CDCl3): d=24.8, 83.7, 117.9, 118.7, 123.4, 128.0, 132.0, 146.9, 147.0, 148.2,
149.2 ppm; MS (EI): m/z (%)=327 [M]+ (38), 310 (100); HRMS (EI):
m/z calcd for C18H22BNO4: 327.1642 [M]


+ ; found: 327.1627.


[3]6g : 4-(4-Dimethylaminophenyl)-3-methylidene-2-(4-nitrophenyl)pen-
ta-1,4-diene: Orange solid, yield: 38%. Rf=0.35 (hexane/ethyl acetate=


5:1); m.p.: 79 8C (hexane); IR (KBr): ñ =3090, 2924, 2853, 2804, 1611,
1595, 1520, 1344, 1165, 910, 860, 822, 706 cm�1; 1H NMR (200 MHz,
CDCl3): d =2.97 (s, 6H), 5.11 (d, J=1.4 Hz, 1H), 5.27–5.29 (m, 2H),
5.41–5.42 (m, 2H), 5.47 (d, J=1.2 Hz, 1H), 6.67 (d, J=8.8 Hz, 2H), 7.26
(d, J=8.8 Hz, 2H), 7.53 (d, J=8.8 Hz, 2H), 8.17 ppm (d, J=8.8 Hz, 2H).
13C NMR (67.8 MHz, CDCl3): d=40.5, 111.9, 114.0, 119.1, 119.3, 123.3,
127.8, 128.1, 128.4, 146.9, 147.4, 147.6, 148.0, 149.3, 149.9 ppm; MS (EI):
m/z (%)=320 [M]+ (95), 319 [M-�1]+ (100); HRMS (EI): m/z calcd for
C20H20N2O2: 320.1525 [M]


+ ; found: 320.1517.


[6]6h : 3,4,5,6-Tetrakis(methylidene)-2,7-diphenylocta-1,7-diene: Colorless
oil, yield: 32%. Rf=0.58 (hexane/ethyl acetate=10:1); IR (neat): ñ=


3090, 3055, 3024, 1576, 1493, 1445, 1028, 903, 779, 700 cm�1; 1H NMR
(200 MHz, CDCl3): d=5.19–5.22 (br s, 6H), 5.26 (d, J=1.6 Hz, 2H), 5.32
(d, J=2.0 Hz, 2H), 5.38 (d, J=1.6 Hz, 2H), 7.25–7.34 (m, 6H), 7.37–
7.43 ppm (m, 4H); 13C NMR (67.8 MHz, CDCl3): d=116.0, 118.4, 118.7,
127.4, 127.5, 128.0, 140.7, 147.8, 149.0, 149.2 ppm; MS (EI): m/z (%)=
310 [M]+ (100), 309 [M�1]+ (59); HRMS (EI): m/z calcd for C24H22:
310.1721 [M]+ ; found: 310.1722.


[4]6 i : 3,4-Bis(methylidene)-2-phenyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)hexa-1,5-diene: Colorless oil, yield: 33%. Rf=0.50 (hexane/
ethyl acetate=10:1); IR (neat): ñ=2978, 2926, 2855, 2363, 1583, 1493,
1371, 1312, 1259, 1215, 1144, 1115, 1028, 968, 900, 864, 758, 700, 665 cm�1;
1H NMR (400 MHz, CDCl3): d=1.31 (s, 12H), 5.02 (s, 1H), 5.20 (s, 2H),
5.26 (s, 1H), 5.28 (s, 1H), 5.42 (s, 1H), 5.85 (d, J=3.2 Hz, 1H), 5.90 (d,
J=3.2 Hz, 1H), 7.26–7.30 (m, 3H), 7.50–7.52 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d=24.8, 83.6, 114.8, 117.7, 127.2 (2C), 127.9, 131.5,
140.4, 149.8, 150.2 ppm; MS (EI): m/z (%)=310 [M+2]+ (4), 309 [M+


1]+ (22), 308 [M]+ (100), 307 [M�1]+ (32), 306 [M�2]+ (3); HRMS
(EI): m/z calcd for C20H25BO2: 308.1948 [M]


+ ; found: 308.1949.


[5]6j : 3,4,5-Tris(methylidene)-2-phenylundeca-1,6-diene: Colorless oil,
yield: 55%. Rf=0.31 (hexane); IR (neat): ñ=3086, 3022, 2957, 2926,
2856, 1811, 1578, 1493, 1379, 964, 903, 783, 700 cm�1; 1H NMR (200 MHz,
CDCl3): d =0.90 (t, J=7.0 Hz, 3H), 1.20–1.47 (m, 4H), 2.09 (dt, J=7.0,
6.4 Hz, 2H), 4.94 (d, J=2.2 Hz, 1H), 5.05–5.07 (m, 1H), 5.10 (d, J=


2.2 Hz, 1H), 5.14–5.20 (m, 2H), 5.26 (d, J=1.8 Hz, 1H), 5.35 (d, J=


2.0 Hz, 1H), 5.45 (d, J=1.6 Hz, 1H), 5.70 (dt, J=15.6, 7.0 Hz, 1H), 6.11
(d, J=15.6 Hz, 1H), 7.22–7.48 ppm (m, 5H); 13C NMR (67.8 MHz,
CDCl3): d=14.1, 22.3, 31.5, 32.5, 115.0, 115.5, 117.8, 118.2, 126.9, 127.4,
127.9, 128.0, 130.5, 133.7, 147.1, 147.4, 148.6, 149.0 ppm; MS (EI): m/z
(%)=264 [M]+ (20), 263 [M�1]+ (32), 207 [M�Bu]+ (100); HRMS
(EI): m/z calcd for C20H24: 264.1878 [M]


+ ; found: 264.1881.


[5]6k : 3,4,5-Tris(methylidene)-2,6-diphenylhepta-1,6-diene: Colorless oil,
yield: 37%. Rf=0.75 (hexane/ethyl acetate=10:1); IR (neat): ñ=3057,
3024, 2962, 2923, 1491, 1445, 1406, 1325, 1261, 2070, 2026, 907, 756, 700,
665 cm�1; 1H NMR (400 MHz, CDCl3): d=5.17 (d, J=2.0 Hz, 2H), 5.21–
5.24 (m, 1H), 5.28 (d, J=2.0 Hz, 2H), 5.31 (d, J=2.0 Hz, 2H), 5.36–5.39
(m, 1H), 5.39 (d, J=2.0 Hz, 2H), 7.26–7.30 ppm (m, 10H); 13C NMR
(100 MHz, CDCl3): d=115.9, 118.5, 119.2, 127.3, 127.4, 127.9, 140.4,
147.6, 148.8, 149.1 ppm; MS (EI): m/z (%)=285 [M+1]+ (13), 284 [M]+


(65), 283 (100); HRMS (EI): m/z calcd for C22H20: 284.1565 [M]
+ ; found:


284.1565.


[3]6 l : 3-Methylidene-2-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)penta-1,4-diene: Colorless oil, yield: 23%. Rf=0.50 (hexane/ethyl
acetate=10:1); IR (neat): ñ=2978, 2928, 1576, 1493, 1389, 1371, 1311,
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1261, 1221, 1148, 1132, 1119, 968, 900, 783, 700, 665 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.29 (s, 12H), 5.15 (d, J=2.4 Hz, 1H), 5.20 (d, J=


2.4 Hz, 1H), 5.42 (d, J=1.6 Hz, 1H), 5.56 (d, J=1.6 Hz, 1H), 5.70 (d, J=


2.8 Hz, 1H), 5.84 (d, J=2.8 Hz, 1H), 7.20–7.41 ppm (m, 5H); 13C NMR
(100 MHz, CDCl3): d=24.8, 83.6, 114.8, 117.7, 127.2, 127.2, 127.9, 127.9,
131.5, 149.7, 150.2 ppm; MS (EI): m/z (%)=283 [M+1]+ (8), 282 [M]+


(40), 281 [M�1]+ (23), 154 (100); HRMS (EI): m/z calcd for C18H23BO2:
282.1791 [M]+ ; found: 282.1787.


[4]6m : (E)-3,4-Bis(methylidene)-2-phenyldeca-1,5-diene: Colorless oil,
yield: 55%. Rf=0.33 (hexane); IR (neat): ñ=3024, 2957, 2926, 1585,
1493, 1445, 1379, 1028, 964, 899, 779, 700 cm�1; 1H NMR (200 MHz,
CDCl3): d =0.91 (t, J=6.8 Hz, 3H), 1.27–1.42 (m, 4H), 2.10 (dt, J=6.8,
6.4 Hz, 2H), 4.99 (d, J=2.2 Hz, 1H), 5.11 (d, J=2.2 Hz, 1H), 5.15 (d, J=


2.0 Hz, 1H), 5.25–5.29 (m, 2H), 5.30 (d, J=1.6 Hz, 1H), 5.82 (dt, J=


15.4, 6.8 Hz, 1H), 6.11 (dd, J=15.4, 0.6 Hz, 1H), 7.23–7.43 (m, 5H) ppm;
13C NMR (67.8 MHz, CDCl3): d=14.1, 22.4, 31.5, 32.6, 115.5, 116.2,
117.6, 127.2, 127.9, 127.9, 130.1, 133.7, 140.7, 146.9, 148.8, 148.9 ppm; MS
(EI): m/z (%)=238 [M]+ (5), 237 [M�1]+ (3), 181 [M�Bu]+ (100);
HRMS (EI): m/z calcd for C18H22: 238.1721 [M]


+ ; found: 238.1724.
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Nickel-Catalyzed Mizoroki–Heck- versus Michael-Type Addition of
Organoboronic Acids to a,b-Unsaturated Alkenes through Fine-Tuning of


Ligands


Pao-Shun Lin, Masilamani Jeganmohan, and Chien-Hong Cheng*[a]


Introduction


The addition reaction of an organometallic reagent to acti-
vated alkenes catalyzed by transition-metal complexes is
one of the most versatile and well-acknowledged methods
for the construction of carbon–carbon bonds in organic syn-
thesis.[1] Various organometallic reagents such as organobo-
ACHTUNGTRENNUNGron,[2] organosilane,[3] organotin,[4] organozinc,[5] and organo-
mercury compounds[6] are widely used. Among them, orga-
noboron reagents display multifarious advantages, including
easy availability, stability to air and moisture, low toxicity,
and simple removal of boron-derived by-products, unlike
other organometallic reagents.[7]


Mizoroki–Heck-[8] and Michael-type[2,9] reactions are two
familiar categories of metal-catalyzed addition reactions of


organoboron reagents to a,b-unsaturated carbonyl com-
pounds. The catalytic reaction proceeds by transmetalation
of the organoboron reagent followed by insertion of activat-
ed alkenes to give an alkyl metal intermediate. If the alkyl
metal intermediate prefers b-hydride elimination,[10] the
Mizoroki–Heck-type product is generally obtained under
dry reaction conditions. Conversely, if the alkyl metal inter-
mediate readily enolizes to give the oxa-p-allyl species,[9i, 11]


the O-bound enolate then facilitates hydrolysis in the pres-
ence of water to afford the Michael-type addition product.
The reaction type is mainly determined by the nature of the
metal complex. In general, palladium complexes catalyze
Mizoroki–Heck-type reactions of aryl or alkenyl boron re-
agents with a,b-unsaturated alkenes in the presence of reox-
idants such as Cu ACHTUNGTRENNUNG(OAc)2 or oxygen.


[8a–f] Biaryls, homocou-
pled compounds from organoboron reagents, are formed as
by-products. On the other hand, rhodium(I) complexes are
the most efficient catalysts for the addition of organoboron
reagents to a,b-unsaturated alkenes to give Michael-type re-
action products.[9c–j] There are several exceptions to rhodi-
um-catalyzed addition reactions of organoboronic acids with
activated alkenes.[8i, j] For instance, Lautens et al. reported a
Mizoroki–Heck-type reaction of arylboronic acids with sty-
ACHTUNGTRENNUNGrenes in moderate yields, but a Michael-type reaction with


Abstract: Various arylboronic acids re-
acted with activated alkenes in the
presence of [Ni ACHTUNGTRENNUNG(dppe)Br2], ZnCl2, and
H2O in CH3CN at 80 8C to give the cor-
responding Mizoroki–Heck-type addi-
tion products in good to excellent
yields. Furthermore, 1 equivalent of the
hydrogenation product of the activated
alkene was also produced. By tuning
the ligands of the nickel complexes and
the reaction conditions, Michael-type
addition was achieved in a very selec-
tive manner. Thus, various p- and o-
substituted arylboronic acids or alken-
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activated alkenes in CH3CN at 80 8C
for 12 h catalyzed by Ni ACHTUNGTRENNUNG(acac)2, PACHTUNGTRENNUNG(o-
anisyl)3, and K2CO3 to give the corre-
sponding Michael-type addition prod-
ucts in excellent yields. However, for
m-substituted arylboronic acids, the
yields of Michael-type addition prod-
ucts are very low. The cause of this un-


usual meta-substitution effect is not
clear. By altering the solvent or phos-
phine ligand, the product yields for m-
substituted arylboronic acids were
greatly improved. In contrast to previ-
ous results in the literature, the present
catalytic reactions required water for
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vinylpyridines. In these previous reports, it appears that
aqueous conditions are necessary for Michael-type addition.
Our continual interest in nickel-catalyzed coupling reac-


tions[12] prompted us to explore the possibility of using
nickel complexes as catalysts for the addition reaction of or-
ganoboron reagents with activated alkenes. Herein, we
report the nickel-catalyzed Mizoroki–Heck- and Michael-
type addition of organoboronic acids to activated alkenes.
By fine-tuning the ligands, we were able to control the addi-
tion reaction to give either product with remarkable selec-
tivity. In contrast to the previous results, the present catalyt-
ic reaction requires water for the Mizoroki–Heck-type prod-
uct and dry reaction conditions for the formation of the Mi-
chael-type addition product.


Results and Discussion


Mizoroki–Heck-Type Addition Reaction


Treatment of phenylboronic acid (1a ; 1.0 mmol) with butyl
acrylate (2a ; 3.0 mmol) and H2O (3.0 mmol) in CH3CN in
the presence of [Ni ACHTUNGTRENNUNG(dppe)Br2] (5 mol%) and ZnCl2
(15 mol%) at 80 8C for 3 h gave (E)-butyl cinnamate (3aa)
in 96% yield (Scheme 1).[13] Besides 3aa, an equal amount


of butyl propionate, the hydrogenation product of butyl ac-
rylate, was also observed. As a result, more than 2 equiva-
lents of butyl acrylate were used for the present catalytic re-


action. This reaction is highly stereoselective and afforded
only the E isomer as the addition product. Product 3aa was
thoroughly characterized by its 1H and 13C NMR, IR, and
mass spectral data. A control experiment revealed that, in
the absence of either nickel complex or ZnCl2, no expected
product was observed.
To optimize the reaction conditions, the effects of addi-


tive, nickel complex, and solvent were examined (Table 1).


Phenylboronic acid (1a) and butyl acrylate (2a) were used
as the substrates in these studies. The yield of 3aa was deter-
mined based on the 1H NMR signal-integration method with
mesitylene as an internal standard. In the reaction with [Ni-
ACHTUNGTRENNUNG(dppe)Br2] (5 mol%) at 80 8C for 3 h in CH3CN, no addition
product 3aa was observed. The addition of a catalytic
amount of Lewis acid ZnCl2 (15%) led to the formation of
3aa, albeit in only 10% yield. Various additives, Na2CO3,
K2CO3, NEt3, and water, were then tested (Table 1, en-
tries 1–4). Among them, water exhibited the highest activity
to afford 3aa in quantitative yield (Table 1, entry 4). The
other additives Na2CO3, K2CO3, and NEt3 afforded 3aa in
42, 57, and 0% yields, respectively (Table 1, entries 1–3).
Notably, the presence of a base is generally essential to acti-
vate organoboron reagents in coupling reactions. However,
in the present case, water was required instead of base.
Besides [NiACHTUNGTRENNUNG(dppe)Br2], various bidentate and monoden-


tate phosphine nickel complexes were examined for catalyt-
ic activity in the reaction of 1a with 2a to give 3aa (Table 1,


Abstract in Chinese:


Scheme 1. Nickel-catalyzed Mizoroki–Heck-type addition reaction of
ACHTUNGTRENNUNGarylboronic acids 1 with activated alkenes 2. dppe=1,2-bis(diphenyl-
ACHTUNGTRENNUNGphosphanyl)ethane.


Table 1. Effect of additive, catalyst, and solvent on the Mizoroki–Heck-
type addition reaction of phenylboronic acid (1a) with butyl acrylate
(2a).[a]


Entry Additive Catalyst Solvent Yield [%][b]


1 Na2CO3 [Ni ACHTUNGTRENNUNG(dppe)Br2] CH3CN 42
2 K2CO3 [Ni ACHTUNGTRENNUNG(dppe)Br2] CH3CN 57
3 NEt3 [Ni ACHTUNGTRENNUNG(dppe)Br2] CH3CN 0
4 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] CH3CN 99
5 H2O [Ni ACHTUNGTRENNUNG(dppe)I2] CH3CN 89
6 H2O [Ni ACHTUNGTRENNUNG(dppe)Cl2] CH3CN 19
7 H2O [Ni ACHTUNGTRENNUNG(dppm)Br2] CH3CN 18[c]


8 H2O [Ni ACHTUNGTRENNUNG(dppp)Br2] CH3CN 27
9 H2O [Ni ACHTUNGTRENNUNG(dppb)Br2] CH3CN 0
10 H2O [Ni ACHTUNGTRENNUNG(PPh3)2Br2] CH3CN 0
11 H2O [Ni ACHTUNGTRENNUNG(PPh3)2Cl2] CH3CN 0
12 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] THF 54
13 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] 1,4-dioxane 0
14 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] ethyl acetate 62
15 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] toluene 19
16 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] EtOH 57
17 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] DCE 0
18 H2O [Ni ACHTUNGTRENNUNG(dppe)Br2] DME 32


[a] Reactions were carried out with 1a (1.00 mmol), 2a (3.00 mmol), [Ni-
ACHTUNGTRENNUNG(dppe)Br2] (0.050 mmol, 5.0 mol%), ZnCl2 (0.150 mmol, 15.0 mol%),
and an additive (3.00 mmol) in a solvent (2.0 mL) at 80 8C for 3 h under
N2. [b] Yield of 3aa was determined by


1H NMR spectroscopy with mesi-
tylene as an internal standard. [c] Michael-type addition product 4aa was
observed. DCE=1,2-dichloroethane, DME=1,2-dimethoxyethane,
dppb=1,4-bis(diphenylphosphanyl)butane, dppm=diphenylphosphanyl-
methane, dppp=1,3-bis(diphenylphosphanyl)propane.
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entries 5–11). The results indicate that dppe complexes
(Table 1, entries 4–6) are more reactive than the other bi-
dentate phosphine complexes (Table 1, entries 7–9), whereas
monodentate PPh3 complexes are inactive. Several solvents
were examined for the present reaction. The results reveal
that CH3CN is the solvent of choice; it gave the highest
yield of product 3aa. Other solvents such as THF, 1,4-diox-
ane, ethyl acetate, toluene, EtOH, DCE, and DME gave
3aa in 54, 0, 62, 19, 57, 0, and 32% yield, respectively
(Table 1, entries 12–18). On the basis of these optimization
studies, we chose [NiACHTUNGTRENNUNG(dppe)Br2] (5 mol%), ZnCl2
(15 mol%), and water (3 mmol) in CH3CN at 80 8C for 3 h
as the reaction conditions for the following catalytic reac-
tions.
Under the optimized reaction conditions, a wide range of


arylboronic acids and activated alkenes were investigated.
The results are summarized in Table 2. Arylboronic acids
1b–j efficiently reacted with 2a to afford the corresponding
Mizoroki–Heck-type addition products in good to excellent
yields (Table 2, entries 2–10). In all cases, only the E stereo-
isomers were observed. The catalytic reactions tolerated a
variety of functional groups such as OMe, Br, F, CHO, and
NO2 on the phenyl ring of arylboronic acids 1. These results
indicate that the catalytic reaction is insensitive to the elec-
tronic properties of the substituent, but does depend on the
position of the substituent on the ring. For example, 2-meth-
ACHTUNGTRENNUNGoxyphenylboronic acid (1b) gave 3ba in only 35% yield
(Table 2, entry 2), whereas 3-methoxyphenylboronic acid
(1c) afforded 3ca in a very high 93% yield (Table 2,
entry 3). Likewise, 2-formylphenylboronic acid (1g) afford-
ed 3ga in 67% yield (Table 2, entry 7), but 3-formyl- and 4-
formylphenylboronic acid (1h and 1 j) gave 3ha and 3 ja in
87 and 93% yields, respectively (Table 2, entries 8 and 10).
The present catalytic reaction was successfully extended to
heteroaromatic boronic acids 1k–m. Thus, treatment of ben-
zo[b]furan-2-boronic acid (1k) with 2a under the optimized
reaction conditions afforded 3ka in 93% yield (Table 2,
entry 11). Similarly, 2-thienylboronic acid (1 l) and 3-thienyl-
boronic acid (1m) reacted efficiently with butyl acrylate
(2a) to give the corresponding addition product 3 la and
3ma in 87 and 81% yield, respectively (Table 2, entries 12
and 13). Besides 2a, other acrylates such as methyl acrylate
(2b), ethyl acrylate (2c), and 4-methylbenzyl acrylate (2d)
also reacted with 4-bromophenylboronic acid (1e) or 3-ni-
trophenylboronic acid (1 i) to afford the corresponding Mi-
ACHTUNGTRENNUNGzoroki–Heck-type products in 88–96% yield (Table 2, en-
tries 14–16). In contrast to the previous rhodium catalytic
system,[8 g] N,N-diethylacrylamide (2e) reacted efficiently
with 1e to afford 3ee in 79% yield (Table 2, entry 17).


Michael-Type Addition Reaction


In the reaction of phenylboronic acid (1a) with butyl acry-
late (2a) under the optimized reaction conditions above, but
with a further 10 mol% acacH (acac=acetylacetonate), an
unexpected Michael-type addition product 4aa was formed
in 35% yield. This result prompted us to explore the possi-


bility of using oxygen-based nickel complexes as catalysts
for the Michael-type addition reaction.
In the following optimization studies, the reactions were


carried out with 1a and 2a as the substrates and Ni ACHTUNGTRENNUNG(acac)2/
phosphine as the catalyst in the presence of an additive
(Table 3). Ni ACHTUNGTRENNUNG(acac)2 alone does not catalyze the reaction
(Table 3, entry 1). In the presence of water with Ni ACHTUNGTRENNUNG(acac)2/
PPh3 as the catalyst, the Michael-type addition product 4aa


Table 2. Results of the nickel-catalyzed Mizoroki-Heck-type addition
ACHTUNGTRENNUNGreaction of arylboronic acids 1 with activated alkenes 2.[a]


Entry 1 2 Product 3 Yield
[%][b]


1 1a 2a 96


2 1b 2a
35
62[c]


3 1c 2a 93


4 1d 2a 86


5 1e 2a 98


6 1 f 2a 94


7 1g 2a 67


8 1h 2a 87


9 1 i 2a 86


10 1 j 2a 93


11 1k 2a 93


12 1 l 2a 87


13 1m 2a 81


14 1e 2b 93


15 1e 2c 96


16 1 i 2d 88


17 1e 2e 79


[a] Reactions were carried out with 1 (1.00 mmol), 2 (3.00 mmol), [Ni-
ACHTUNGTRENNUNG(dppe)Br2] (0.050 mmol, 5.0 mol%), ZnCl2 (0.150 mmol, 15.0 mol%),
and H2O (3.00 mmol) in CH3CN (2.0 mL) at 80 8C for 3 h under N2.
[b] Yield of isolated product. [c] The reaction was carried out at 90 8C.
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was obtained, but in only 10% yield (Table 3, entry 2). By
replacing water with K2CO3, 4aa was obtained in 78% yield
(Table 3, entry 3). The addition of phosphine ligand appears
to improve the nickel catalytic activity greatly. Consequent-
ly, various phosphine ligands such as PPh3, PCy3, PACHTUNGTRENNUNG(tBu)3, P-
ACHTUNGTRENNUNG(o-tolyl)3, P ACHTUNGTRENNUNG(o-anisyl)3, P ACHTUNGTRENNUNG(p-anisyl)3, dppe, and dppb were ex-
amined for the reaction (Table 3, entries 3–10). Among
them, highly electron-rich and sterically hindered PACHTUNGTRENNUNG(o-
anisyl)3 gave the best yield at 99% (Table 3, entry 7). Other
similar ligands PACHTUNGTRENNUNG(o-tolyl)3, PCy3, and P ACHTUNGTRENNUNG(tBu)3 also provided
4aa in very high yields of 91, 90, and 91%, respectively.
Monodentate phosphines with less-hindered ligands such as
PACHTUNGTRENNUNG(p-anisyl)3 and PPh3 also gave 4aa in 81 and 78% yield, re-
spectively. Bidentate phosphine ligands dppe and dppb af-
forded 4aa in only 75 and 60% yield, respectively (Table 3,
entries 9 and 10). On the basis of these optimization studies,
we employed Ni ACHTUNGTRENNUNG(acac)2/P ACHTUNGTRENNUNG(o-anisyl)3 (5 mol%), and K2CO3


(2 mmol) in acetonitrile at 80 8C for 12 h as the standard re-
action conditions for the following catalytic Michael-type
addition reactions.


This nickel-catalyzed Michael-type addition reaction can
be further applied to various aryl- and alkenylboronic acids
and a,b-unsaturated alkenes (Scheme 2 and Table 4). Substi-
tuted arylboronic acids 1b–f, 1h–j, and 1n, with either an
electron-donating or -withdrawing group on the aryl ring, re-
acted with 2a to form the corresponding Michael addition


Table 3. Effect of additive and catalyst on the nickel-catalyzed Michael-
type addition reaction of phenylboronic acid (1a) with butyl acrylate
(2a).[a]


Entry Additive Catalyst Yield [%][b]


1 K2CO3 Ni ACHTUNGTRENNUNG(acac)2 0
2 H2O Ni ACHTUNGTRENNUNG(acac)2/PPh3 10
3 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/PPh3 78
4 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/PCy3 90
5 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/P ACHTUNGTRENNUNG(tBu)3 91
6 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/P ACHTUNGTRENNUNG(o-tolyl)3 91
7 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/P ACHTUNGTRENNUNG(o-anisyl)3 99
8 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/P ACHTUNGTRENNUNG(p-anisyl)3 81
9 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/dppe 75
10 K2CO3 Ni ACHTUNGTRENNUNG(acac)2/dppb 60


[a] Reactions were carried out with 1a (2.00 mmol), 2a (1.00 mmol), Ni-
ACHTUNGTRENNUNG(acac)2 (0.050 mmol, 5.0 mol%), phosphine ligand (0.050 mmol,
5.0 mol%), and an additive (2.00 mmol) in CH3CN (2.0 mL) at 80 8C for
12 h under N2. [b] Yield of 4aa was determined by the


1H NMR signal-in-
tegration method with mesitylene as an internal standard. Cy=cyclohex-
yl.


Scheme 2. Nickel-catalyzed Michael-type addition reaction of aryl and
ACHTUNGTRENNUNGalkenylboronic acids 1 with activated alkenes 2.


Table 4. Results of nickel-catalyzed Michael-type addition reaction of
ACHTUNGTRENNUNGarylboronic acids 1 with activated alkenes 2.[a]


Entry 1 2 Product 4 Yield
[%][b]


1 1a 2a
96
ACHTUNGTRENNUNG(99)


2 1b 2a 94


3 1c 2a
8
88[c]


4 1d 2a 97


5 1e 2a 98


6 1 f 2a 96


7 1h 2a 57


8 1 i 2a
17
91[d]


9 1j 2a 97


10 1n 2a
0
94[c]


11 1o 2d 96


12 1e 2b 90


13 1e 2c 93


14 1e 2e
29
85[d]


15 1e 2 f 93


16 1e 2g 90


[a] Reactions were carried out with 1 (2.00 mmol), 2 (1.00 mmol), Ni-
ACHTUNGTRENNUNG(acac)2 (0.050 mmol, 5.0 mol%), P ACHTUNGTRENNUNG(o-anisyl)3 (0.050 mmol, 5.0 mol%),
and K2CO3 (2.00 mmol) in CH3CN (2.0 mL) at 80 8C for 12 h under N2.
[b] Yield of isolated product. [c] Reaction was carried out with Ni ACHTUNGTRENNUNG(acac)2
(0.050 mmol, 5.0 mol%), tris(p-fluorophenyl)phosphine (0.050 mmol,
5.0 mol%), and K2CO3 (2.00 mmol) in DCE (2.0 mL) at 80 8C for 12 h.
[d] Reaction was carried out in THF (2.0 mL).
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products 4ba–fa, 4ha–ja, and 4na (Table 4, entries 2–10). As
with the Mizoroki–Heck-type reaction, this catalytic reac-
tion is compatible with a wide range of functional groups on
the phenyl ring, and the product yield is insensitive to the
type of functional group. However, the catalytic reaction is
very sensitive to the position of the substituent on the ring.
According to Table 4, p- and o-substituted arylboronic acids
gave excellent yields of Michael-type products, whereas m-
substituted arylboronic acids afforded very low product
yields under the standard reaction conditions. For example,
2-methoxyphenylboronic acid (1b) gave 4ba in a very high
94% yield (Table 4, entry 2), whereas 3-methoxyphenylbo-
ACHTUNGTRENNUNGronic acid (1c) gave 4ca in only 8% yield (Table 4, entry 3).
Similarly, 3-formylphenylboronic acid (1h) and 3-nitrophen-
ACHTUNGTRENNUNGylboronic acid (1 i) gave 4ha and 4 ia in low yields of 57 and
17%, respectively (Table 4, entries 7–8). These m-substitut-
ed arylboronic acids remained mostly intact at the end of
the reaction. To increase the yield of the addition reaction
of 1c with 2a, various supporting ligands and different sol-
vents were investigated. The employment of tris(p-fluoro-
phenyl)phosphine gave 4ca in an excellent 88% yield with
DCE as the solvent. Similarly, by altering the solvent from
CH3CN to THF, 1 i afforded the expected product 4 ia in
91% yield. On the other hand, no improvement in the yield
of 4ha (Table 4, entry 7) was observed by varying the li-
gands and solvents. No addition product was observed in the
reaction of 1-naphthylboronic acid (1n) with 2a under the
optimized reaction conditions (Table 4, entry 10). However,
when the same reaction was carried out with tris(p-fluoro-
phenyl)phosphine as the ligand in DCE, 4na was observed
in an excellent 94% yield. The observed unusual meta-sub-
stitution effect of arylboronic acid on the yield of the Mi-
chael addition product with Ni ACHTUNGTRENNUNG(acac)2/P ACHTUNGTRENNUNG(o-anisyl)3 as the cat-
alyst system is interesting. It appears to be the first time that
such an effect has been reported. The exact reason is not
clear, but it is likely that a steric effect arose from the m-
substituted aryl group and the
PACHTUNGTRENNUNG(o-anisyl)3 ligand or the sol-
vent.
The present catalytic reac-


tion was further extended to
(E)-1-hexenylboronic acid (1o)
with 2d to afford the Michael-
type product 4od in 96% yield
(Table 4, entry 11). Under sim-
ilar conditions, methyl acrylate
(2b) and ethyl acrylate (2c)
also underwent the addition re-
action effectively with 1e to
afford 4eb and 4ec in 90 and
93% yield, respectively
(Table 4, entries 12 and 13).
Other activated alkenes such
as N,N-diethylacrylamide (2e),
acrylonitrile (2 f), and methyl-
vinylketone (2g) can also be
used as the substrates. Thus,


the reaction of 2e with 1e in the presence of Ni ACHTUNGTRENNUNG(acac)2/PACHTUNGTRENNUNG(o-
anisyl)3 in THF provided product 4ee in 85% yield
(Table 4, entry 14). Similarly, the reaction of acrylonitrile
(2 f) and methylvinylketone (2g) with 1e in CH3CN also
proceeded smoothly to give 4ef and 4eg in 93 and 90%
yield, respectively (Table 4, entries 15 and 16).


Mechanistic Considerations


On the basis of the above observations and the known
metal-catalyzed addition reactions of organometallic re-
agents with activated alkenes,[8,9] a conceivable mechanism
is proposed in Scheme 3 to account for the present nickel-
catalyzed Mizoroki–Heck-type addition reaction. The cata-
lytic reaction is probably initiated by the formation of
NiII·H2O species 5 through substitution of coordinated bro-
mide in [Ni ACHTUNGTRENNUNG(P


_
P)Br2] by water and solvent with the assistance


of Lewis acid ZnCl2. Intermediate 5 then undergoes trans-
metalation with phenylboronic acid (1a) to give aryl nickel-
(II) intermediate 6. Coordination of butyl acrylate (2a) to
the nickel center and insertion into the nickel–aryl bond
gives intermediate 7. b-Hydride elimination affords nickel
hydride species 8 along with Mizoroki–Heck-type addition
product 3. Insertion of another butyl acrylate molecule into
the Ni�H bond of 8 gives intermediate 9. Protonation of 9
regenerates the active NiII·H2O species 5 for the next cata-
lytic cycle and affords hydrogenation product butyl propio-
late 2a’. The formation of 5 and its following transmetala-
tion with 1a are similar to the pathways suggested for the
catalytic reaction of enones with arylboronic acids catalyzed
by dicationic palladium complexes.[9b]


The proposed mechanism shown in Scheme 3 clearly ex-
plains the requirement of a catalytic amount of Lewis acid
ZnCl2, the observation of equal amounts of Mizoroki–Heck
and hydrogenation products of the alkene substrate, and the
role of water in the present catalytic reaction. Water not


Scheme 3. Possible mechanism for the nickel-catalyzed Mizoroki–Heck-type addition reaction. P
_
P=bidentate


phosphine ligand, S= solvent.
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only provides the hydroxy
group for the arylboronic acid,
but also one of the proton
sources for the hydrogenation
product 2a’.
An interesting question for


the proposed mechanism is
why intermediates 9 and 7,
which are very similar in struc-
ture, behave so differently. In-
termediate 7 undergoes b-hy-
dride elimination efficiently to
give the corresponding Mizo-
ACHTUNGTRENNUNGroki–Heck product 3, but inter-
mediate 9 undergoes protona-
tion to afford only the hydro-
genation product. The differ-
ence may be rationalized on
the basis of the relative rate of
b-hydride elimination and pro-
tonation of these two inter-
mediates 9 and 7 and the rela-
tive rate of insertion of acry-
ACHTUNGTRENNUNGlates 2 and 3 into the nickel–
hydride bond in 5. A reasonable hypothesis is that both in-
termediates 9 and 7 undergo b-hydride elimination much
faster than protonation, but the elimination is irreversible to
product 3 but reversible to product 2. This hypothesis ex-
plains well the formation of Mizoroki–Heck product 3 with-
out the corresponding hydrogenation product 4. Further-
more, it also shows clearly that b-hydride elimination of 9
cannot lead to any new product no matter how fast this step
is; however, the protonation of 9 results in the hydrogena-
tion product 2a’. It is possible that in the protonation pro-
cess of intermediate 9 to give 2a’, the former is first enolized
to form the O-bound nickel enolate before protonation.[9i,11]


On the basis of the above results, we propose the stoichiom-
etry of the catalytic reaction in Scheme 1 as that shown in
Equation (1).


In palladium- and ruthenium-catalyzed addition reactions
of arylboronic acids to a,b-unsaturated alkenes, the unstable
H–Pd or H–Ru species generated is readily reduced to a
lower oxidation state, so an additional oxidant such as Cu-
ACHTUNGTRENNUNG(OAc)2 or oxygen is necessary.


[8] For the present nickel-cata-
lyzed Mizoroki–Heck-type reaction, the Ni–H species is not
reduced to a lower oxidation state; throughout the catalytic
cycle, it is the nickel(II) species that is involved.
A possible catalytic mechanism for the nickel-catalyzed


Michael-type addition reaction is shown in Scheme 4. The
catalytic reaction is probably initiated by the reaction of Ni-
ACHTUNGTRENNUNG(acac)2 with PhB(OH)2 in the presence of base


[14] and a
monodentate phosphine ligand to give aryl nickel(II) inter-


mediate 10. Insertion of an acrylate into the nickel–aryl
bond of 10 provides intermediate 11. Subsequent rearrange-
ment of 11 to O-bound nickel enolate 12 followed by proto-
nation affords the Michael-type addition product 4aa and
intermediate 13 for further transmetalation. A side reaction
of this catalytic cycle is the protonation of 10 to give de-
boronation product PhH (1a’) and regenerate the NiII spe-
cies 13. This accounts for the use of excess phenylboronic
acid (2 equiv) in the present reaction to obtain a high yield
of 4aa. The initiation step, the transmetalation of Ni ACHTUNGTRENNUNG(acac)2
with PhB(OH)2 to give 10 in the presence of base,


[14] is evi-
denced by the observation that Ni ACHTUNGTRENNUNG(acac)2 readily catalyzes
the deboronation of ArB(OH)2 to afford ArH in good yield.
Furthermore, the observation of a small amount of deboro-
nation product and the absence of biaryl (ArAr) in the cata-
lytic Michael-type addition reaction indicates that the NiII


species is not reduced to Ni0, and only NiII species are in-
volved in the catalytic reaction. Previously, in the nickel-cat-
alyzed conjugate addition of zirconium alkenyls to a,b-un-
ACHTUNGTRENNUNGsaturated ketones, evidence also indicated that NiII, not Ni0,
is involved in the catalytic reaction.[15] Recently, a Mizoroki–
Heck-type reaction of boronic acids catalyzed by Pd ACHTUNGTRENNUNG(OAc)2
in the presence of CuACHTUNGTRENNUNG(OAc)2 or oxygen as an oxidant was
found to proceed by a PdII-mediated pathway.[8a–f]


It is very surprising that both intermediates 7 (Scheme 3)
and 11 (Scheme 4) are analogues of each other, but that 7
favors b-hydride elimination and intermediate 11 prefers
enolization. The exact reason for this contrast is not yet
clear. A rationale for the difference lies in the fact that the
cationic nickel bidentate phosphine complexes 7 easily offer
a vacant site for b-hydride elimination. However, the
oxygen-based acac ligand and the bulky electron-donating
monodentate phosphine ligand of 11 increase the electron


Scheme 4. Possible mechanism for the nickel-catalyzed Michael-type addition reaction. P=monodentate
ACHTUNGTRENNUNGphosphine ligand.
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density of the nickel center, thus restraining b-hydride elimi-
nation and facilitating the O-bound nickel enolate to give
the Michael-type addition product.


Conclusions


We have demonstrated a highly efficient nickel-catalyzed
addition reaction of organoboronic acids with activated al-
kenes. By fine-tuning the environment of the nickel com-
plexes, two different types of reaction, Mizo-roki–Heck- and
Michael-type addition, can be accomplished in a remarkably
selective manner and in good to excellent yields. The Mizo-
roki–Heck-type addition reaction is highly stereoselective
and affords the E isomer as the exclusive addition product
under base-free conditions. The Michael-type addition
showed an unusual meta-substitution effect of the arylboron-
ic acids on the product yield when Ni ACHTUNGTRENNUNG(acac)2/PACHTUNGTRENNUNG(o-anisyl)3
was used as the catalyst. These results reveal that a highly
electron-rich nickel complex favors Michael-type addition,
whereas an electron-deficient nickel complex prefers Mizo-
ACHTUNGTRENNUNGroki–Heck-type addition. This new nickel-catalyzed reaction
highlights the potential of using nickel as an inexpensive
and efficient catalyst for the addition reaction of organobo-
ACHTUNGTRENNUNGron reagents with activated alkenes.


Experimental Section


General


All reactions were conducted under nitrogen atmosphere. 1H and
13C NMR spectra were recorded on a Varian Mercury 400 spectrometer.
Chemical shifts are given relative to the center of the solvent resonance
(CDCl3: 7.24 (


1H), 77.0 ppm (13C)). FTIR spectra were recorded on a
Horiba F2–901 spectrophotometer. High-resolution EI mass spectra were
recorded on a JEOL-SX102A spectrometer.


Syntheses


General procedure for the Mizoroki–Heck-type addition reaction of 1
with 2 : A sealed tube containing [Ni ACHTUNGTRENNUNG(dppe)Br2] (0.050 mmol, 5.0 mol%),
1 (1.00 mmol), and ZnCl2 (0.150 mmol, 15.0 mol%) was evacuated and
purged with nitrogen gas three times. Freshly distilled CH3CN (2.0 mL),
activated alkene 2 (3.00 mmol), and H2O (3.00 mmol) were added se-
quentially to the system. After water was injected, the solution turned
deep red immediately and was then stirred at 80 8C for 3 h. The mixture
was filtered through a celite and silica-gel pad and washed with dichloro-
methane completely. The filtrate was concentrated, and the residue was
purified on a silica-gel column with hexanes/ethyl acetate as eluent to
afford the desired product 3. The spectral data of 3aa, 3ga, 3ka, 3 id, and
3ee are given below. The spectral data of the remaining compounds and
copies of the 1H and 13C NMR spectra of all compounds are given in the
Supporting Information.


3aa : Butyl (E)-3-phenyl-2-propenoate: IR (CaF2): ñ =2960, 2873, 1714,
1637, 1450, 1311, 1280, 1172, 1072 cm�1; 1H NMR (400 MHz, CDCl3): d=


0.95 (t, J=7.2 Hz, 3H; CH3), 1.38–1.47 (m, 2H; CH2), 1.68 (quint, J=


6.4 Hz, 2H; CH2), 4.19 (t, J=6.4 Hz, 2H; OCH2), 6.42 (d, J=16.0 Hz,
1H; HC= ), 7.36–7.37 (m, 3H; aromatic CH), 7.50–7.52 (m, 2H; aromat-
ic CH), 7.66 ppm (d, J=16.0 Hz, 1H; HC= ); 13C NMR (100 MHz,
CDCl3): d =167.1 (C=O), 144.2 (CH), 134.5 (C), 130.2 (CH), 128.8 (CH),
128.0 (CH), 118.3 (CH), 64.4 (CH2), 30.8 (CH2), 19.2 (CH2), 13.7 ppm
(CH3); HRMS (EI): m/z calcd for C13H16O2: 204.1150 [M]


+ ; found:
204.1153.


3ga : Butyl (E)-3-(2-formylphenyl)-2-propenoate: IR (CaF2): ñ =2960,
2873, 1704, 1635, 1594, 1567, 1465, 1317, 1284, 1178, 1066 cm�1; 1H NMR
(400 MHz, CDCl3): d =0.94 (t, J=7.2 Hz, 3H; CH3), 1.37–1.47 (m, 2H;
CH2), 1.68 (quint, J=6.8 Hz, 2H; CH2), 4.21 (t, J=6.8 Hz, 2H; OCH2),
6.36 (d, J=15.6 Hz, 1H; HC= ), 7.51–7.62 (m, 3H; aromatic CH), 7.85
(d, J=7.2 Hz, 1H; aromatic CH), 8.49 (d, J=16.0 Hz, 1H; HC= ),
10.27 ppm (s, 1H, CHO); 13C NMR (100 MHz, CDCl3): d =191.8 (C=O),
166.3 (C=O), 140.9 (CH), 136.6 (C), 133.9 (C), 133.8 (CH), 132.2 (CH),
129.8 (CH), 127.9 (CH), 123.2 (CH), 64.7 (CH2), 30.7 (CH2), 19.2 (CH2),
13.7 ppm (CH3); HRMS (EI): m/z calcd for C14H16O3: 232.1099 [M]


+ ;
found: 232.1102.


3ka : Butyl (E)-3-benzo[b]furan-2-yl-2-propenoate: IR (CaF2): ñ=2958,
2933, 2873, 1716, 1639, 1550, 1450, 1382, 1299, 1257, 1162, 1126 cm�1;
1H NMR (400 MHz, CDCl3): d =0.95 (t, J=7.2 Hz, 3H; CH3), 1.38–1.47
(m, 2H; CH2), 1.68 (quint, J=6.8 Hz, 2H; CH2), 4.20 (t, J=6.8 Hz, 2H;
OCH2), 6.57 (d, J=16.0 Hz, 1H; HC= ), 6.91 (s, 1H, HC= ), 7.21 (t, J=


7.6 Hz, 1H; aromatic CH), 7.34 (t, J=7.6 Hz, 1H; aromatic CH), 7.46 (d,
J=8.4 Hz, 1H; aromatic CH), 7.52 (d, J=16.0 Hz, 1H; HC= ), 7.57 ppm
(d, J=8.0 Hz, 1H; aromatic CH); 13C NMR (100 MHz, CDCl3): d=166.7
(C=O), 155.5 (C), 152.3 (C), 131.1 (CH), 128.3 (C), 126.3 (CH), 123.2
(CH), 121.7 (CH), 119.0 (CH), 111.3 (CH), 110.9 (CH), 64.5 (CH2), 30.7
(CH2), 19.1 (CH2), 13.7 ppm (CH3); HRMS (EI): m/z calcd for C15H16O3:
244.1099 [M]+ ; found: 244.1086.


3 id : 4-Methylbenzyl (E)-3-(3-nitrophenyl)-2-propenoate: IR (CaF2): ñ=


3083, 2923, 2871, 1727, 1712, 1643, 1575, 1531, 1440, 1353, 1176 cm�1;
1H NMR (400 MHz, CDCl3): d =2.35 (s, 3H; CH3), 5.21 (s, 2H; OCH2),
6.57 (d, J=16.0 Hz, 1H; HC= ), 7.18 (d, J=8.0 Hz, 1H; aromatic CH),
7.30 (d, J=8.0 Hz, 1H; aromatic CH), 7.56 (t, J=8.0 Hz, 1H; aromatic
CH), 7.72 (d, J=16.0 Hz, 1H; HC= ), 7.79 (d, J=7.6 Hz, 1H; aromatic
CH), 8.19–8.22 (m, 1H; aromatic CH), 8.35 ppm (t, J=2.0 Hz, 1H; aro-
matic CH); 13C NMR (100 MHz, CDCl3): d=165.9 (C=O), 148.6 (C),
142.0 (CH), 138.3 (C), 136.0 (C),133.5(CH), 132.6 (C), 129.9 (CH), 129.3
(CH), 128.5 (CH), 124.5 (CH), 122.4 (CH), 121.1 (CH), 66.7 (CH2),
21.2 ppm (CH3); HRMS (EI): m/z calcd for C17H15O4N: 297.1001 [M]


+ ;
found: 297.0998.


3ee : N1,N1-Diethyl-(E)-3-(4-bromophenyl)-2-propenamide: IR (CaF2):
ñ=3052, 2981, 1648, 1606, 1488, 1432, 1263, 1139 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.17–1.22 (m, 6H; CH3), 3.44–3.46 (m, 4H;
NCH2), 6.78 (d, J=15.2 Hz, 1H; HC= ), 7.35 (d, J=8.4 Hz, 2H; aromatic
CH), 7.47 (d, J=8.4 Hz, 2H; aromatic CH), 7.61 ppm (d, J=15.6 Hz,
1H; HC= ); 13C NMR (100 MHz, CDCl3): d=165.4 (C=O), 140.9 (CH),
134.4 (C), 131.9 (CH), 129.1 (CH), 123.5 (C), 118.4 (CH), 42.3 (CH2),
41.1 (CH2), 15.1 (CH3), 13.1 ppm (CH3); HRMS (EI): m/z calcd for
C13H16ONBr: 281.0415 [M]


+ (79Br); found: 281.0420.


General procedure for the Michael-type addition reaction of 1 with 2 : A
sealed tube containing Ni ACHTUNGTRENNUNG(acac)2 (0.050 mmol, 5.0 mol%), P ACHTUNGTRENNUNG(o-anisyl)3
(0.050 mmol, 5.0 mol%), 1 (2.00 mmol), and K2CO3 (2.00 mmol) was
evacuated and purged with nitrogen gas three times. Freshly distilled
CH3CN (2.0 mL) and activated alkene 2 (1.00 mmol) were added to the
system, and the green reaction mixture was stirred at 80 8C for 12 h. The
mixture was filtered through a short celite column and a silica-gel pad
and washed with dichloromethane completely. The filtrate was concen-
trated, and the residue was purified on a silica-gel column with hexanes/
ethyl acetate as eluent to give the desired Michael-type addition product
4. The spectral data of 4aa, 4od, 4ee, 4ef, and 4eg are given below. The
spectral data of the remaining compounds and copies of the 1H and
13C NMR spectra of all compounds are given in the Supporting Informa-
tion.


4aa : Butyl 3-phenylpropanoate: IR (CaF2): ñ =2962, 2931, 1735, 1573,
1465, 1427, 1241, 1180 cm�1; 1H NMR (400 MHz, CDCl3): d=0.90 (t, J=


7.2 Hz, 3H; CH3), 1.28–1.37 (m, 2H; CH2), 1.57 (quint, J=6.8 Hz, 2H;
CH2), 2.61 (t, J=7.6 Hz, 2H; CH2), 2.94 (t, J=7.6 Hz, 2H; CH2), 4.05 (t,
J=6.4 Hz, 2H; OCH2), 7.17–7.20 (m, 3H; aromatic CH), 7.27 ppm (t, J=


7.6 Hz, 2H; aromatic CH); 13C NMR (100 MHz, CDCl3): d=173.0 (C=


O), 140.6 (C), 128.5 (CH), 128.3 (CH), 126.2 (CH), 64.3 (CH2), 35.9
(CH2), 31.0 (CH2), 30.6 (CH2), 19.1 (CH2), 13.7 ppm (CH3); HRMS (EI):
m/z calcd for C13H18O2: 206.1307 [M]


+; found: 206.1314.
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4od : 4-Methylbenzyl (E)-4-nonenoate: IR (CaF2): ñ=2956, 2927, 2859,
1778, 1737, 1517, 1455, 1378, 1259, 1160 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.84–0.88 (m, 3H; CH3), 1.24–1.30 (m, 4H; CH2), 1.91–1.96
(m, 2H; CH2), 2.27–2.40 (m, 7H; CH3, CH2), 5.05 (s, 2H; CH2), 5.32–
5.46 (m, 2H; HC= ), 7.15 (d, J=7.6 Hz, 2H; aromatic CH), 7.23 ppm (d,
J=8.8 Hz, 2H; aromatic CH); 13C NMR (100 MHz, CDCl3): d=173.1
(C=O), 138.0 (C), 133.0 (C), 131.8 (CH), 129.2 (CH), 128.3 (CH), 127.7
(CH), 66.0 (CH2), 34.4 (CH2), 32.1 (CH2), 31.5 (CH2), 27.9 (CH2), 22.1
(CH2), 21.1 (CH3), 13.9 ppm (CH3); HRMS (EI): m/z calcd for C17H24O2:
260.1776 [M]+ ; found: 260.1776.


4ee : N1,N1-Diethyl-3-(4-bromophenyl)propanamide: IR (CaF2): ñ =2971,
2933, 2873, 1641, 1488, 1430, 1263, 1220, 1139, 1099 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.07 (t, J=7.2 Hz, 3H; CH3), d=2.53 (t, J=


7.6 Hz, 2H; CH2), 2.91 (t, J=7.6 Hz, 2H; CH2), 3.19 (q, J=7.2 Hz, 2H;
NCH2), 3.33 (q, J=7.2 Hz, 2H; NCH2), 7.07 (d, J=7.6 Hz, 2H; aromatic
CH), 7.36 ppm (d, J=7.6 Hz, 2H; aromatic CH); 13C NMR (100 MHz,
CDCl3): d =170.9 (C=O), 140.5 (C), 131.4 (CH), 130.2 (CH), 119.8 (C),
41.9 (CH2), 40.2 (CH2), 34.7 (CH2), 30.9 (CH2), 14.2 (CH3) , 13.0 ppm
(CH3); HRMS (EI): m/z calcd for C13H18ONBr: 283.0572 [M]


+ (79Br);
found :283.0569.


4ef : 3-(4-Bromophenyl)propanenitrile: IR (CaF2): ñ=2931, 2861, 1589,
1488, 1403, 1203, 1072 cm�1; 1H NMR (400 MHz, CDCl3): d=2.59 (t, J=


7.6 Hz, 2H; CH2), 2.89 (t, J=7.2 Hz, 2H; CH2), 7.10 (td, J=7.6, 2.4 Hz,
2H; aromatic CH), 7.45 ppm (td, J=7.6, 2.4 Hz, 2H; aromatic CH);
13C NMR (100 MHz, CDCl3): d=136.9 (C), 132.0 (CH), 130.0 (CH),
121.2 (C), 118.7 (C), 31.0 (CH2), 19.2 ppm (CH2); HRMS (EI): m/z calcd
for C9H8NBr: 208.9840 [M]


+ (79Br); found: 208.9866.


4eg : 4-(4-Bromophenyl)-2-butanone: IR (CaF2): ñ =2925, 1716, 1488,
1436, 1405, 1367, 1286, 1228, 1160 cm�1; 1H NMR (400 MHz, CDCl3): d=


2.11 (s, 3H; CH3), 2.71 (t, J=7.2 Hz, 2H; CH2), 2.82 (t, J=7.2 Hz, 2H;
CH2), 7.03 (d, J=8.4 Hz, 2H; aromatic CH), 7.36 ppm (d, J=8.4 Hz, 2H;
aromatic CH); 13C NMR (100 MHz, CDCl3): d=207.3 (C=O), 140.0 (C),
131.5 (CH), 130.1 (CH), 119.8 (C), 44.8 (CH2), 30.0 (CH3), 29.0 ppm
(CH2); HRMS (EI): m/z calcd for C10H11OBr: 225.9993 [M]


+ (79Br);
found: 226.0007.
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Microwave-Assisted Palladium-Catalyzed Direct Arylation of
1,4-Disubstituted 1,2,3-Triazoles with Aryl Chlorides


Masayuki Iwasaki, Hideki Yorimitsu,* and Koichiro Oshima*[a]


Introduction


1,2,3-Triazoles are often found in biologically active com-
pounds; hence, they are important heterocycles in medicinal
as well as organic chemistry. One of the representative
methods for the synthesis of 1,2,3-triazoles is the reaction of
alkynes with organic azides. Highly regioselective syntheses
of 1,4- and 1,5-disubstituted triazoles have been established
by using copper[1] and ruthenium[2] catalysts, respectively.
However, transition-metal-catalyzed as well as thermal cou-
pling reactions of internal alkynes with organic azides lack
regioselectivity and/or generality.[2,3] Little is known about
the regioselective synthesis of 1,4,5-trisubstituted 1,2,3-tri-
ACHTUNGTRENNUNGazoles. An alternative approach to such trisubstituted tri-
ACHTUNGTRENNUNGazoles is the use of metalated triazoles. The reaction of mag-
nesium acetylides with organic azides provides 1,5-disubsti-
tuted 4-magnesio-1,2,3-triazoles, which can react further
with various electrophiles.[4] However, this approach is limit-
ed because of the high reactivity of the magnesium species.
Transition-metal-catalyzed direct arylation reactions of ar-


omatic compounds with aryl halides have attracted increas-
ing attention.[5] Taking advantage of the ready availability of
1,4-disubstituted triazoles by the copper-catalyzed reac-
tion,[1] we report herein the palladium-catalyzed direct aryla-


tion of 1,4-disubstituted triazoles with aryl chlorides. The
ACHTUNGTRENNUNGarylation takes place at the 5-position and represents a
regioselective access to 1,4,5-trisubstituted triazoles. The
combined use of tricyclohexylphosphine as the ligand and
microwave heating[6] at 250 8C allowed us to employ aryl
chlorides as arylating agents[7] and to complete the reaction
within only 15 min. Gevorgyan and co-workers[8] independ-
ently reported similar arylation reactions, but these reac-
tions required aryl bromides and a prolonged reaction time
of 24 h. One palladium-catalyzed direct arylation of a 1,2,4-
triazole with an aryl chloride was reported,[9] although the
reaction took 24 h to complete.


Results and Discussion


A mixture of 1-benzyl-4-phenyl-1,2,3-triazole (1a) and o-
chlorotoluene (2a) was heated in toluene/DMF at 250 8C
under microwave irradiation for 15 min in the presence of
potassium carbonate and Pd ACHTUNGTRENNUNG(OAc)2/PACHTUNGTRENNUNG(c-C6H11)3 catalyst. Ex-
tractive workup followed by chromatographic purification
provided the corresponding arylated product 3aa in 99%
yield (Table 1, entry 1).
Various combinations of aryl chlorides and triazoles were


subjected to the palladium-catalyzed reaction. Aryl chlo-
ACHTUNGTRENNUNGrides with an electron-withdrawing or -donating group react-
ed smoothly (Table 1, entries 2 and 3). The ester functionali-
ty is compatible under the reaction conditions (Table 1, en-
tries 2 and 4). The phenylation reaction of 1a proceeded in
the presence of only 0.5 mol% of Pd ACHTUNGTRENNUNG(OAc)2 (Table 1,
entry 5). A decrease in the amount of catalyst led to incom-
plete conversion (Table 1, entry 6). Conversions of sterically


Keywords: arylation · C–C
coupling · nitrogen heterocycles ·
palladium · triazoles


Abstract: Treatment of 1,4-disubstituted 1,2,3-triazoles with aryl chlorides in the
presence of potassium carbonate under palladium catalysis and microwave irradia-
tion at 250 8C for 15 min leads to arylation of the triazole at the 5-position. A vari-
ety of functional groups, including ester and hydroxy groups, are compatible. The
procedure is suitable for the regioselective preparation of trisubstituted triazoles.
Microwave irradiation accelerates the reaction, thus allowing the rapid synthesis of
trisubstituted triazoles, which are difficult to synthesize selectively.
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demanding aryl chlorides 2 f and 2g were slow; they re-
quired 2 h for completion (Table 1, entries 7 and 8).
Besides 1a, hexyl-substituted 1b also participated in the


reaction, albeit with slightly lower efficiency (Table 1, en-
tries 9–13). The arylation reactions with 2a and 2b did not
proceed to completion within 15 min, and longer reaction
times were necessary (Table 1, entries 9 and 10). In other
cases, larger amounts of potassium carbonate and aryl chlo-
ACHTUNGTRENNUNGrides were essential to attain high yields (Table 1, entries 11
and 12). The phenylation of 1b was less efficient than that
of 1a : 5 mol% of Pd ACHTUNGTRENNUNG(OAc)2 was required (Table 1,
entry 13). Unfortunately, the reaction with p-chlorobenzyl
alcohol (2h) resulted not in the expected arylation but in
the formation of benzaldehyde by the palladium-catalyzed
oxidation reaction (Table 1, entry 14).[10]


Triazole 1c, which has a pyridyl group, underwent phenyl-
ation to afford the corresponding trisubstituted triazole in
high yield (Table 1, entry 15). The reaction of 1d, which
bears a tertiary alcohol moiety, proceeded smoothly
(Table 1, entry 16), whereas the presence of a hydroxymeth-
yl group completely retarded the reaction (Table 1,
entry 14). The reaction of 1-aryl-substituted 1e afforded 3ee
quantitatively (Table 1, entry 17). The present approach to
trisubstituted triazoles allowed for the selective preparation
of two regioisomers, 3ai and 3 fe (Scheme 1).


The reaction of 1-benzyl-5-hexyl-1,2,3-triazole (1g) was
sluggish and provided 4 in only 19% yield (Scheme 2). Mon-
osubstituted 1-benzyl-1,2,3-triazole (1h) reacted with chloro-
benzene (2e) to give 5-phenyl-substituted product 5 pre-
dominantly, along with diphenyl-substituted 3ae (Scheme 2).
No 4-phenyl-substituted isomer was detected. The low reac-
tivity of 1g and the regioselectivity in the reaction of 1h can
be explained by the plausible mechanism described below.
Among the ligands screened, P ACHTUNGTRENNUNG(c-C6H11)3 proved to be the


best (Table 2, entries 1–6). The molar ratio of Pd ACHTUNGTRENNUNG(OAc)2/PACHTUNGTRENNUNG(c-
C6H11)3 had a significant influence on the yield, and a ratio
of 1:2 was best (Table 2, entries 6–8). The yield depended
heavily on the base used. Potassium carbonate and cesium
carbonate promoted the reaction, whereas sodium carbonate
was much less effective (Table 2, entries 6, 9, and 10).


Abstract in Japanese:


Table 1. Pd-catalyzed arylation of 1,4-disubstituted 1,2,3-triazoles with
aryl chlorides under microwave irradiation.


Entry 1 R1 R2 2 3 Yield [%]


1 1a Ph Bn 2a 3aa 99


2 1a 2b 3ab 84


3 1a 2c 3ac 90


4 1a 2d 3ad 77


5[a] 1a 2e 3ae 98


6[b,c] 1a 2e 3ae 40


7[c,d] 1a 2 f 3af 81


8[c,d] 1a 2g 3ag 88


9[e] 1b n-C6H13 Bn 2a 3ba 93
10[f] 1b 2b 3bb 86
11[d] 1b 2c 3bc 90
12[d] 1b 2d 3bd 91
13 1b 2e 3be 88


14 1b 2h 3bh –


15 1c 4-pyridyl Bn 2e 3ce 89


16 1d Bn 2e 3de 77


17 1e Ph 4-tol 2e 3ee 100


[a] 0.0025 mmol of Pd ACHTUNGTRENNUNG(OAc)2 and 0.0050 mmol of P ACHTUNGTRENNUNG(c-C6H11)3 were used.
[b] 0.00025 mmol of Pd ACHTUNGTRENNUNG(OAc)2 and 0.00050 mmol of P ACHTUNGTRENNUNG(c-C6H11)3 were
used. [c] Performed for 2 h. [d] Aryl chloride 2 (1.0 mmol) and K2CO3


(1.0 mmol) were used. [e] Performed for 30 min. [f] Performed for
20 min. Bn=benzyl, DMF=N,N-dimethylformamide, tol= tolyl.


Scheme 1. Synthesis of 1,4,5-trisubstituted 1,2,3-triazole isomers 3ai and
3 fe.
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Weaker bases such as sodium acetate and triethylamine
failed to work (Table 2, entries 11 and 12). Palladium ace-
tate was the best precursor, and other palladium salts such
as PdCl2, PdACHTUNGTRENNUNG(OCOCF3)2, PdACHTUNGTRENNUNG(acac)2, [Pd2 ACHTUNGTRENNUNG(dba)3], and [PdCl-
ACHTUNGTRENNUNG(p-allyl)]2 (acac=acetyl acetonate, dba=dibenzylideneace-
tone) were much less active or completely inactive.
Notably, aryl chloride was superior to aryl bromide and


iodide when PACHTUNGTRENNUNG(c-C6H11)3 was used as a ligand (Scheme 3). A


lower rate of oxidative addition of aryl chloride would be
suitable for completing the catalytic cycle smoothly (see
below).
The reaction in toluene alone was difficult to perform be-


cause microwaves could not heat the reaction mixture to
250 8C. The reaction in DMF alone afforded the product in
very low yield, and most of the starting materials were re-
covered (Scheme 4).


According to the literature,[5,8] a plausible mechanism is
shown in Scheme 5. The key step is the reaction of the diva-


lent arylpalladium species with triazole (step B), which gen-
erates a delocalized cationic intermediate 7. The expanded
delocalization would explain the facile arylation at the 5-po-
sition. The arylation at the 4-position would be unfavorable
because of the more localized stabilization of the cationic
charge formed (Scheme 6).


It was reported that microwave heating is different from
conventional external heating and can have so-called non-
thermal microwave effects.[11] This is also the case for the
present reaction (Scheme 7). The reaction of 1b with 2e was
completed smoothly and quantitatively within 15 min in 1,2-
diphenylethane (b.p.: 284 8C)/N,N’-dimethylpropylene urea
(DMPU; b.p.: 146 8C/44 mmHg) by using microwave heating
at 250 8C, whereas the same reaction hardly proceeded by
classical heating for 30 min at 250 8C. A similar microwave


Scheme 2. Reactions of 1,5-disubstituted and 1-monosubstituted 1,2,3-tri-
azoles.


Table 2. Effect of ligand and base.


Entry Ligand Base Yield [%]


1 PPh3 Cs2CO3 56
2 PMe3 Cs2CO3 54
3 P ACHTUNGTRENNUNG(nBu)3 Cs2CO3 28
4 P ACHTUNGTRENNUNG(tBu)3 Cs2CO3 52
5 P ACHTUNGTRENNUNG(c-C5H9)3 Cs2CO3 7
6 P ACHTUNGTRENNUNG(c-C6H11)3 Cs2CO3 64
7 P ACHTUNGTRENNUNG(c-C6H11)3 (0.025 mmol) Cs2CO3 12
8 P ACHTUNGTRENNUNG(c-C6H11)3 (0.075 mmol) Cs2CO3 44
9 P ACHTUNGTRENNUNG(c-C6H11)3 K2CO3 77
10 P ACHTUNGTRENNUNG(c-C6H11)3 Na2CO3 14
11 P ACHTUNGTRENNUNG(c-C6H11)3 NaOAc 10
12 P ACHTUNGTRENNUNG(c-C6H11)3 Et3N 7


Scheme 3. Scope of halogens in the aryl halides used.


Scheme 4. Attempted reaction in DMF.


Scheme 5. Plausible catalytic cycle.


Scheme 6. Plausible cationic intermediate for arylation at the 4-position
of triazoles.
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effect was observed when the reactions were performed at
110 8C for 10 h. It is difficult to explain how nonthermal mi-
crowave effects operate in the present system. Possible non-
thermal microwave effects may be: 1) microwave-assisted
activation of the polar transition state of step B, which is
probably rate-determining, 2) prevention of the formation
of palladium black, and 3) intervention of localized micro-
scopic high temperatures.[11]


Conclusions


We have developed the microwave-assisted palladium-cata-
lyzed direct arylation of 1,4-disubstituted 1,2,3-triazoles with
aryl chloride. Copper-catalyzed formal [3+2] cycloaddition
of terminal alkynes with organic azides efficiently provided
a variety of 1,4-disubstituted 1,2,3-triazoles. The present re-
action thus offers a concise and rapid synthesis of 1,4,5-tri-
substituted 1,2,3-triazoles.


Experimental Section


General


Unless otherwise noted, all reactions were carried out with a focused mi-
crowave unit (Biotage InitiatorTM). The maximum irradiation power was
400 W. Each reaction was run in a 5-mL glass pressure vial, which is a
commercially available vial specially made for the Biotage InitiatorTM. It
took 6 min to reach 250 8C. After the indicated temperatures were
reached, controlled microwave irradiation started and was continued for
15 min to keep the reaction temperature constant. The classical heating
at 250 and 110 8C shown in Scheme 7 was performed in glassware heated
in a sand bath and an oil bath, respectively.
1H NMR (500 MHz) and 13C NMR (125.7 MHz) spectra were recorded in
CDCl3 on a Varian UNITY INOVA 500 spectrometer. Chemical shifts
(d) are reported in parts per million relative to tetramethylsilane at
0.00 ppm for 1H and CDCl3 at 77.0 ppm for 13C, unless otherwise noted.
IR spectra were recorded on a SHIMADZU FTIR-8200PC spectrometer.
Mass spectra were recorded on a JEOL Mstation 700 spectrometer. TLC
analysis was performed on commercial glass plates with a 0.25-mm layer
of Merck silica gel 60F254. Silica gel (Wakogel 200 mesh) was used for
column chromatography. Elemental analysis was carried out at the Ele-
mental Analysis Center of Kyoto University.


Unless otherwise noted, materials obtained from commercial suppliers
were used without further purification. Toluene was stored over slices of
sodium. Palladium acetate and tricyclohexylphosphine were obtained
from TCI. Tricyclohexylphosphine was diluted to 0.50m in toluene and
stored under argon. Triazoles 1a–f were prepared under copper catalysis


according to the literature.[1] Triazole 1g was prepared by the reported
procedure.[4] Triazole 1h was prepared in 58% yield by treatment of
1,2,3-triazole with benzyl bromide (2 equiv) in the presence of potassium
carbonate (2 equiv) in refluxing acetone for 24 h.


Caution: Organic azides can be explosive. Only a small amount of mate-
rial should be prepared. We prepared the azide compounds on the 5-
mmol scale. They should be handled with care.


Syntheses


Typical procedure for the arylation reaction: The reaction in Table 1,
entry 2 is representative. Potassium carbonate (83 mg, 0.60 mmol), palla-
dium acetate (5.6 mg, 0.025 mmol), and 1a (120 mg, 0.50 mmol) were
placed in a 5-mL glass pressure vial. The vial was flushed with argon and
sealed with a polytetrafluoroethylene (PTFE)/silicone septum. Toluene
(2.0 mL) and tricyclohexylphosphine (0.50m in toluene, 0.10 mL,
0.050 mmol) were added, and the mixture was stirred for 1 min. Ethyl p-
chlorobenzoate (2b ; 94 mL, 0.60 mmol) and DMF (0.40 mL) were added.
The suspension was heated at 250 8C with stirring for 15 min in the micro-
wave reactor. The mixture was then cooled to room temperature. Hydro-
chloric acid (1m, 3 mL) was added, and the product was extracted with
ethyl acetate (3L5 mL). The organic layer was then washed with brine
(5 mL) and dried over anhydrous sodium sulfate. The solvent was evapo-
rated. Purification by silica-gel column chromatography (hexane/ethyl
acetate=3:1) provided 3ab (0.16 g, 0.42 mmol) in 84% yield.


Compounds 1a,[2] 1e,[12] 1h,[13] 3ac,[14] 3ae,[2] and 3ee[15] showed spectra
identical to those reported in the literature.


1b : 1-Benzyl-4-hexyl-1,2,3-triazole: M.p.: 54.9–55.6 8C; IR (nujol): ñ=


1557, 1214 cm�1; 1H NMR (CDCl3): d=0.86 (t, J=7.0 Hz, 3H), 1.26–1.36
(m, 6H), 1.63 (quint, J=7.5 Hz, 2H), 2.68 (t, J=7.5 Hz, 2H), 5.49 (s,
2H), 7.17 (s, 1H), 7.23–7.27 (m, 2H), 7.32–7.38 ppm (m, 3H); 13C NMR
(CDCl3): d =14.2, 22.7, 25.9, 29.1, 29.5, 31.7, 54.1, 120.6, 128.1, 128.8,
129.2, 135.2, 149.2 ppm; elemental analysis: calcd (%) for C15H21N3: C
74.04, H 8.70; found: C 74.16, H 8.76.


1c : 1-Benzyl-4-(4-pyridyl)-1,2,3-triazole: M.p.: 127.9–129.1 8C; IR (nujol):
ñ=1610, 1563, 1208, 1087, 1045 cm�1; 1H NMR (CDCl3): d =5.60 (s, 2H),
7.32–7.34 (m, 2H), 7.39–7.43 (m, 3H), 7.68 (d, J=6.0 Hz, 2H), 7.79 (s,
1H), 8.64 ppm (d, J=6.0 Hz, 2H); 13C NMR (CDCl3): d =54.6, 120.1,
121.1, 128.4, 129.2, 129.5, 134.4, 138.0, 145.9, 150.6 ppm; elemental analy-
sis: calcd (%) for C14H12N4: C 71.17, H 5.12; found: C 71.32, H 5.08.


1d : 1-Benzyl-4-(2-butyl-2-hydroxyhexyl)-1,2,3-triazole: M.p.: 69.9–
70.1 8C; IR (nujol) ñ=3372, 3123 cm�1; 1H NMR (CDCl3): d =0.87 (t, J=


7.0 Hz, 6H), 1.28–1.65 (m, 12H), 2.17 (s, 2H), 2.75 (br s, 1H), 5.51 (s,
2H), 7.22–7.23 (m, 2H), 7.32–7.39 ppm (m, 4H); 13C NMR (CDCl3): d=


14.1, 23.2, 25.9, 35.3, 39.0, 54.4, 74.1, 124.3 (br), 127.9, 128.6, 129.0, 134.9,
146.9 ppm (br); elemental analysis: calcd (%) for C19H29N3O: C 72.34, H
9.27; found: C 72.19, H 9.09.


1 f : 1-Benzyl-4-(p-tolyl)-1,2,3-triazole: M.p.: 151.4–152.6 8C; IR (nujol):
ñ=1221, 1041 cm�1; 1H NMR (CDCl3): d =2.36 (s, 3H), 5.57 (s, 2H), 7.21
(d, J=8.0 Hz, 2H), 7.30–7.32 (m, 2H), 7.37–7.41 (m, 3H), 7.62 (s, 1H),
7.69 ppm (d, J=8.0 Hz, 2H); 13C NMR (CDCl3): d=21.4, 54.4, 119.3,
125.8, 127.9, 128.2, 128.9, 129.3, 129.6, 134.9, 138.2, 148.5 ppm; elemental
analysis: calcd (%) for C16H15N3: C 77.08, H 6.06; found: C 76.78, H 5.99.


1g : 1-Benzyl-5-hexyl-1,2,3-triazole: IR (neat): ñ =2931, 1457, 1237 cm�1;
1H NMR (CDCl3): d=0.78 (t, J=7.0 Hz, 3H), 1.10–1.22 (m, 6H), 1.44
(quint, J=7.5 Hz, 2H), 2.41 (t, J=7.5 Hz, 2H), 5.43 (s, 2H), 7.07–7.08
(m, 2H), 7.21–7.28 (m, 3H), 7.41 ppm (s, 1H); 13C NMR (CDCl3): d=


14.1, 22.5, 23.2, 27.9, 28.8, 31.4, 51.7, 127.2, 128.3, 129.0, 132.7, 135.2,
137.6 ppm; elemental analysis: calcd (%) for C15H21N3: C 74.04, H 8.70;
found: C 73.80, H 8.92%.


3aa : 1-Benzyl-4-phenyl-5-(o-tolyl)-1,2,3-triazole: IR (neat): ñ =1457,
1353, 1244, 1026 cm�1; 1H NMR (CDCl3): d=1.61 (s, 3H), 5.27 (d, J=


15.0 Hz, 1H), 5.36 (d, J=15.0 Hz, 1H), 6.94–6.96 (m, 2H), 7.09–7.11 (m,
1H), 7.18–7.13 (m, 8H), 7.40–7.43 (m, 1H), 7.53–7.55 ppm (m, 2H);
13C NMR (CDCl3): d=19.2, 52.4, 125.9, 126.7, 127.6, 127.8, 128.2, 128.4,
128.7, 128.7, 130.3, 130.5, 130.9, 131.4, 133.0, 134.9, 138.6, 144.6 ppm; ele-
mental analysis: calcd (%) for C22H19N3: C 81.20, H 5.86; found: C 81.47,
H 5.91%.


Scheme 7. The nonthermal microwave effect.
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3ab : 1-Benzyl-5-(p-ethoxycarbonylphenyl)-4-phenyl-1,2,3-triazole: M.p.:
108.8–110.1; IR (nujol): ñ =1715, 1273 cm�1; 1H NMR (CDCl3): d =1.42
(t, J=7.0 Hz, 3H), 4.42 (q, J=7.0 Hz, 2H), 5.43 (s, 2H), 7.01–7.03 (m,
2H), 7.22–7.26 (m, 8H), 7.51 (d, J=8.0 Hz, 2H), 8.08 ppm (d, J=8.0 Hz,
2H); 13C NMR (CDCl3): d=14.4, 52.4, 61.6, 126.9, 127.5, 128.1, 128.4,
128.7, 128.9, 130.3, 130.4, 130.6, 131.9, 132.6, 133.0, 135.2, 145.1,
166.0 ppm; elemental analysis: calcd (%) for C24H21N3O2: C 75.18, H
5.52; found: C 73.35, H 5.54%.


3ad : 5-{p-(Acetoxymethyl)phenyl}-1-benzyl-4-phenyl-1,2,3-triazole: M.p.:
107.1–108.4 8C; IR (nujol): ñ=1741, 1252 cm�1; 1H NMR (CDCl3): d=


2.17 (s, 3H), 5.18 (s, 2H), 5.41 (s, 2H), 7.03–7.05 (m, 2H), 7.15 (d, J=


8.0 Hz, 2H), 7.24–7.29 (m, 6H), 7.39 (d, J=8.0 Hz 2H), 7.54–7.56 ppm
(m, 2H); 13C NMR (CDCl3): d=21.2, 52.2, 65.7, 127.0, 127.6, 127.8, 128.0,
128.4, 128.7, 128.7, 128.9, 130.5, 131.0, 133.6, 135.5, 137.9, 144.8,
170.9 ppm; elemental analysis: calcd (%) for C24H21N3O2: C 75.18, H
5.52; found: C, 74.88 H, 5.46.


3af : 1-Benzyl-5-(o-biphenylyl)-4-phenyl-1,2,3-triazole: M.p.: 124.9–
126.1 8C; IR (nujol): ñ =1607, 1496, 1354, 1242 cm�1; 1H NMR (CDCl3):
d=4.88 (d, J= 15.0 Hz, 1H), 5.27 (d, J=15.0 Hz, 1H), 6.89–6.91 (m,
4H), 7.11–7.28 (m, 10H), 7.35 (td, J=7.0, 2.0 Hz, 1H), 7.54–7.60 ppm (m,
4H); 13C NMR (CDCl3): d=52.2, 126.2, 126.5, 127.5, 127.7, 128.0, 128.0,
128.2, 128.4, 128.5, 128.5, 128.6, 130.4, 130.9, 131.1, 131.7, 133.2, 134.8,
139.5, 142.4, 145.3 ppm; elemental analysis: calcd (%) for C27H21N3: C
83.69, H 5.46; found: C 83.82, H 5.39.


3ag : 1-Benzyl-5-(2,6-dimethylphenyl)-4-phenyl-1,2,3-triazole: IR (neat):
ñ=1608, 1498, 1352, 1243 cm�1; 1H NMR (CDCl3): d=1.67 (s, 6H), 5.21
(s, 2H), 6.97 (d, J=7.0 Hz, 2H), 7.12 (d, J=7.0 Hz, 2H), 7.17–7.25 (m,
6H), 7.34 (t, J=7.5 Hz, 1H), 7.55 ppm (dt, J=6.5, 1.5 Hz, 2H); 13C NMR
(CDCl3): d =19.6, 52.5, 125.3, 127.0, 127.7, 128.2, 128.5, 128.6, 128.7,
128.7, 130.2, 131.3, 132.0, 134.4, 138.5, 144.0 ppm; elemental analysis:
calcd (%) for C23H21N3: C 81.38, H 6.24; found: C 81.22, H 6.29.


3ba : 1-Benzyl-4-hexyl-5-(o-tolyl)-1,2,3-triazole: IR (neat): ñ=2928,
1456 cm�1; 1H NMR (CDCl3): d=0.81 (t, J=7.0 Hz, 3H), 1.14–1.31 (m,
6H), 1.56 (quint, J=7.5 Hz, 2H), 1.72 (s, 3H), 2.40 (quint, J=7.5 Hz,
1H), 2.54 (quint, J=7.5 Hz, 1H), 5.22 (d, J=14.5 Hz, 1H), 5.27 (d, J=


14.5 Hz, 1H), 6.89–6.96 (m, 3H), 7.15–7.23 (m, 5H), 7.34–7.37 ppm (m,
1H); 13C NMR (CDCl3): d =14.2, 19.3, 22.7, 25.4, 29.1, 29.2, 31.6, 52.4,
126.2, 127.1, 128.2, 128.2, 128.6, 129.9 130.5, 130.8, 133.6, 135.2, 138.5,
146.6 ppm; elemental analysis: calcd (%) for C22H27N3: C 79.24, H 8.16;
found: C 79.37, H 8.25.


3bb : 1-Benzyl-5-(p-ethoxycarbonylphenyl)-4-hexyl-1,2,3-triazole: IR
(neat): ñ=2930, 1718, 1275, 1107 cm�1; 1H NMR (CDCl3): d=0.82 (t, J=


7.0 Hz, 3H), 1.18–1.26 (m, 6H), 1.41 (t, J=7.0 Hz, 3H), 1.61 (quint, J=


7.5 Hz, 2H), 2.60 (t, J=7.5 Hz, 2H), 4.41 (q, J=7.0 Hz, 2H), 5.41 (s,
2H), 6.98–7.00 (m, 2H), 7.19 (d, J=7.5 Hz, 2H), 7.23–7.25 (m, 3H),
8.07 ppm (d, J=7.5 Hz, 2H); 13C NMR (CDCl3): d=14.2, 14.5, 22.7, 25.3,
29.1, 29.7, 31.6, 52.3, 61.5, 127.4, 128.3, 128.9, 129.8, 130.1, 131.3, 132.4,
133.6, 135.6, 146.7, 166.1 ppm; elemental analysis: calcd (%) for
C24H29N3O2: C 73.63, H 7.47; found: C 73.58, H 7.44.


3bc : 1-Benzyl-4-hexyl-5-(p-methoxyphenyl)-1,2,3-triazole: IR (neat): ñ=


2930, 1507, 1252 cm�1; 1H NMR (CDCl3): d=0.82 (t, J=7.0 Hz, 3H)
1.16–1.29 (m, 6H), 1.62 (quint, J=7.5 Hz, 2H), 2.59 (t, J=7.5 Hz, 2H),
3.84 (s, 3H), 5.37 (s, 2H), 6.91–6.93 (m, 2H), 7.00–7.03 (m, 4H), 7.23–
7.26 ppm (m, 3H); 13C NMR (CDCl3): d=14.2, 22.7, 25.3, 29.1, 29.7, 31.6,
52.0, 55.5, 114.4, 119.7, 127.5, 128.1, 128.8, 131.2, 134.3, 136.0, 146.2,
160.4 ppm; elemental analysis: calcd (%) for C22H27N3O: C 75.61, H
7.79; found: C 75.84, H 7.81.


3bd : 5-{p-(Acetoxymethyl)phenyl}-1-benzyl-4-hexyl-1,2,3-triazole: IR
(neat): ñ=2930, 1744, 1227, 1030 cm�1; 1H NMR (CDCl3): d=0.82 (t, J=


7.0 Hz, 3H), 1.16–1.31 (m, 6H), 1.62 (quint, J=7.5 Hz, 2H), 2.14 (s, 3H),
2.59 (t, J=7.5 Hz, 2H), 5.15 (s, 2H), 5.39 (s, 2H), 6.99–7.01 (m, 2H), 7.11
(d, J=8.5 Hz, 2H), 7.24–7.25 (m, 3H), 7.39 ppm (d, J=8.5 Hz, 2H);
13C NMR (CDCl3): d=14.2, 21.1, 22.7, 25.2, 29.1, 29.7, 31.6, 52.1, 65.7,
127.4, 127.6, 128.2, 128.5, 128.8, 130.0, 134.1, 135.8, 137.3, 146.4,
170.9 ppm; elemental analysis: calcd (%) for C24H29N3O2: C 73.63, H
7.47; found: C 73.35, H 7.52.


3be : 1-Benzyl-4-hexyl-5-phenyl-1,2,3-triazole: IR (neat): ñ=2929,
1455 cm�1; 1H NMR (CDCl3): d=0.82 (t, J=7.0 Hz, 3H), 1.16–1.28 (m,
6H), 1.62 (quint, J=8.0 Hz, 2H), 2.60 (t, J=8.0 Hz, 2H), 5.40 (s, 2H),
6.98–7.01 (m, 2H), 7.10–7.12 (m, 2H), 7.22–7.25 (m, 3H), 7.38–7.44 ppm
(m, 3H); 13C NMR (CDCl3): d =14.2, 22.7, 25.2, 29.1, 29.7, 31.6, 52.1,
127.5, 127.8, 128.1, 128.8, 129.0, 129.3, 129.8, 134.5, 135.9, 146.3 ppm; ele-
mental analysis: calcd (%)for C21H25N3: C 78.96, H 7.89; found: C 79.02,
H 7.93.


3ce : 1-Benzyl-5-phenyl-4-(4-pyridyl)-1,2,3-triazole: M.p.: 155.4–156.7 8C;
IR (nujol): ñ=1602 cm�1; 1H NMR (CDCl3): d=5.41 (s, 2H), 7.01–7.03
(m, 2H), 7.14–7.16 (m, 2H), 7.24–7.28 (m, 3H), 7.41–7.47 (m, 4H), 7.53–
7.56 (m, 1H), 8.48 ppm (d, J=5.0 Hz, 2H); 13C NMR (CDCl3): d =52.4,
120.7, 127.2, 127.8, 128.5, 129.0, 129.7, 130.0, 130.5, 135.1, 138.8, 138.8,
142.1, 150.1 ppm; elemental analysis: calcd (%) for C20H16N4: C 76.90, H
5.16; found: C 76.79, H 5.20.


3de : 1-Benzyl-4-(2-butyl-2-hydroxyhexyl)-5-phenyl-1,2,3-triazole: IR
(neat): ñ=3448, 2955, 1456, 1240 cm�1; 1H NMR (CDCl3): d=0.80 (t, J=


7.5 Hz, 6H), 1.04–1.43 (m, 12H), 2.73 (s, 2H), 3.82 (s, 1H), 5.43 (s, 2H),
6.97–7.00 (m, 2H), 7.09–7.11 (m, 2H), 7.22–7.26 (m, 3H), 7.40–7.47 ppm
(m, 3H); 13C NMR (CDCl3): d =14.2, 23.4, 26.1, 34.2, 38.9, 52.3, 74.5,
127.3, 127.5, 128.3, 128.9, 129.2, 129.7, 129.9, 135.6, 136.0, 143.4 ppm;
HRMS (FAB): m/z calcd for C25H33N3O: 391.2624; found: 391.2617.


3 fe : 1-Benzyl-5-phenyl-4-(p-tolyl)-1,2,3-triazole: M.p.: 125.8–127.0 8C; IR
(nujol): ñ=1256, 1156, 1064 cm�1; 1H NMR (CDCl3): d=2.30 (s, 3H),
5.41 (s, 2H), 7.02–7.04 (m, 2H), 7.06–7.08 (m, 2H), 7.13–7.16 (m, 2H),
7.24–7.27 (m, 3H), 7.39–7.49 ppm (m, 5H); 13C NMR (CDCl3): d=21.4,
52.2, 126.8, 127.6, 128.1, 128.2, 128.3, 128.8, 129.3, 129.3, 129.7, 130.3,
133.7, 135.6, 137.6, 144.8 ppm; elemental analysis: calcd (%) for
C22H19N3: C 81.20, H 5.86; found: C 80.97, H 5.90.


3ai : 1-Benzyl-4-phenyl-5-(p-tolyl)-1,2,3-triazole: M.p.: 113.2–114.9 8C; IR
(nujol): ñ=1366, 1313, 1016 cm�1; 1H NMR (CDCl3): d=2.43 (s, 3H),
5.40 (s, 2H), 7.04–7.08 (m, 4H), 7.21–7.28 (m, 8H), 7.60–7.62 ppm (m,
2H); 13C NMR (CDCl3): d=21.5, 51.9, 124.7, 126.7, 127.5, 127.6, 128.1,
128.4, 128.7, 129.9, 130.0, 131.1, 134.1, 135.6, 139.8, 144.4 ppm; elemental
analysis: calcd (%) for C22H19N3: C 81.20, H 5.86; found: C 80.93, H 5.94.


3bi : 1-Benzyl-4-hexyl-5-(p-tolyl)-1,2,3-triazole: IR (neat): ñ=2927,
1455 cm�1; 1H NMR (CDCl3): d =0.82 (t, J= 7.0 Hz, 3H), 1.17–1.29 (m,
6H), 1.62 (quint, J=7.5 Hz, 2H), 2.40 (s, 3H), 2.60 (t, J=7.5 Hz, 2H),
5.38 (s, 2H), 6.99–7.02 (m, 4H), 7.20–7.26 ppm (m, 5H); 13C NMR
(CDCl3): d=14.0, 21.3, 22.5, 25.1, 28.9, 29.6, 31.5, 51.8, 124.6, 127.3,
127.9, 128.6, 129.5, 129.6, 134.4, 135.8, 139.2, 146.0 ppm.; elemental analy-
sis: calcd (%) for C22H27N3: C 79.24, H 8.16; found: C 78.99, H 8.14.


4 : 1-Benzyl-5-hexyl-4-phenyl-1,2,3-triazole: IR (neat): ñ=2930, 1497,
1245 cm�1; 1H NMR (CDCl3): d=0.83 (t, J=7.0 Hz, 3H), 1.12–1.26 (m,
6H), 1.35 (quint, J=8.0 Hz, 2H), 2.71 (t, J=8.0 Hz, 2H), 5.56 (s, 2H),
7.21 (d, J=7.0 Hz, 2H), 7.32–7.37 (m, 4H), 7.43 (t, J=8.0 Hz, 2H),
7.71 ppm (d, J=7.0 Hz, 2H); 13C NMR (CDCl3): d=14.1, 22.6, 23.4, 28.5,
29.2, 31.3, 52.2, 127.2, 127.3, 127.8, 128.5, 128.8, 129.1, 132.0, 133.9, 135.5,
144.9 ppm; elemental analysis: calcd (%) for C21H25N3: C 78.96, H 7.89;
found: C 79.02, H 7.93.
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Design and Synthesis of Isocyanide Ligands for Catalysis: Application to
Rh-Catalyzed Hydrosilylation of Ketones


Hajime Ito,* Takayuki Kato, and Masaya Sawamura*[a]


Introduction


Isocyanides are isoelectronic with carbon monoxide and co-
ordinate to various transition metals at the terminal isocya-
no carbon atom.[1] In general, both isocyanides and carbon
monoxide are extremely compact ligands. Unlike CO, how-
ever, the electronic and steric properties of isocyanides are
tunable through substituents at the nitrogen atom. There
are, in fact, many different isocyanide compounds that have
been used as ligands in transition-metal complexes, with in-
teresting and diverse properties,[2,3] and their diverse reactiv-
ities can be taken advantage of in both organic and organo-
metallic chemical applications.[4–6]


Although isocyanides have significant potential as ligands,
only a limited number have been used as supporting ligands
in transition-metal catalysis.[7–10] For example, Nile and Ya-


mazaki and their co-workers used 2,6-disubstituted phenyl
isocyanides in rhodium- and platinum-catalyzed hydrosilyla-
tions.[7] Ito and co-workers developed the bissilylation of
carbon–carbon unsaturated bonds and related reactions by
the use of tert-alkyl isocyanide–palladium complexes as cata-
lyst precursors.[8] Recently, Nagashima and co-workers re-
ported that a nickel complex of 2-biphenyl isocyanide is
highly active in ethylene polymerization.[9]


One reason for the scarcity of metal catalysts with isocya-
nides as supporting ligands arises from their stability con-
straints. Indeed, little is understood about the chemical sta-
bility of coordinating isocyanides in catalytic reactions, al-
though these ligands are susceptible to degradation through
insertion into metal–carbon and metal–hydrogen bonds in
the catalytic intermediates.
We report herein the synthesis and coordination proper-


ties of new isocyanide ligands (1a–d ; Scheme 1) with a
meta-terphenyl backbone, and their use in the Rh-catalyzed
hydrosilylation of ketones.[11] The isocyanide ligand 1c, with
its appropriate steric demand, markedly accelerates the re-
action relative to the new terphenyl isocyanide ligands 1a,
1b, and 1d, as well as other conventional isocyanide and
phosphine ligands, thus demonstrating its usefulness as a
supporting ligand in transition-metal catalysis. FTIR and
13C NMR spectroscopic studies reveal that the bulky isocya-


Abstract: New isocyanide ligands with
meta-terphenyl backbones were synthe-
sized. 2,6-BisACHTUNGTRENNUNG[3,5-bis(trimethylsilyl)-
phenyl]-4-methylphenyl isocyanide ex-
hibited the highest rate acceleration in
rhodium-catalyzed hydrosilylation
among other isocyanide and phosphine
ligands tested in this study. 1H NMR
spectroscopic studies on the coordina-
tion behavior of the new ligands to
[Rh ACHTUNGTRENNUNG(cod)2]BF4 indicated that 2,6-bis-
ACHTUNGTRENNUNG[3,5-bis(trimethylsilyl)phenyl]-4-meth-
ylphenyl isocyanide exclusively forms
the biscoordinated rhodium–isocyanide


complex, whereas less sterically de-
manding isocyanide ligands predomi-
nantly form tetracoordinated rhodium–
isocyanide complexes. FTIR and
13C NMR spectroscopic studies on the
hydrosilylation reaction mixture with
the rhodium–isocyanide catalyst
showed that the major catalytic species
responsible for the hydrosilylation ac-


tivity is the Rh complex coordinated
with the isocyanide ligand. DFT calcu-
lations of model compounds revealed
the higher affinity of isocyanides for
rhodium relative to phosphines. The
combined effect of high ligand affinity
for the rhodium atom and the bulki-
ness of the ligand, which facilitates the
formation of a catalytically active,
monoisocyanide–rhodium species, is
proposed to account for the catalytic
efficiency of the rhodium–bulky isocya-
nide system in hydrosilylation.
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nide 1c has reasonable stability in the Rh-catalyzed hydrosi-
lylation of ketones. A plausible mechanism of action of the
Rh–isocyanide catalyst is also proposed.


Results and Discussion


Synthesis of Isocyanides


The synthesis of the terphenyl isocyanides 1a–d is straight-
forward (Scheme 2). First, N-formylation of 2,6-dibromoto-
luidine (2) gave N-formyl-2,6-dibromotoluidine (3 ; 89%).
Suzuki–Miyaura coupling of dibromoarene 3 with 3,5-disub-
stituted phenylboronic acid 4a–d in the presence of 5 mol%
of Pd ACHTUNGTRENNUNG(OAc)2 and 10 mol% of PPh3 gave N-terphenyl form-
ACHTUNGTRENNUNGamides 5a–d in 67–91% yield. Treatment of 5a–d with
POCl3/Et3N resulted in clear conversion into the desired iso-
cyanides 1a–d in high yields (80–91%). The new isocyanides
are odorless and colorless crystals, and are stable against ox-
idation and hydrolytic decomposition in air, thus making


them easy to handle. The space-filling representation of the
optimized structures (MMFF94, MacSpartan Pro 1.0.4.) of
1a and 1c (Figure 1) shows that the meta-terphenyl back-
bone is an ideal platform for creating a concave steric envi-
ronment around the isocyano carbon atom.


Coordination Behavior of Isocyanides


To compare the bulkiness of the terphenyl isocyanides, we
carried out complexation experiments of neutral and cation-
ic Rh complexes with the terphenyl isocyanides 1a–c.
1H NMR spectroscopic observations of the interaction of
terphenyl isocyanides 1 with cationic complex [Rh ACHTUNGTRENNUNG(cod)2]BF4
(6 ; cod=1,5-cyclooctadiene) and neutral complex [RhCl-
ACHTUNGTRENNUNG(cod)]2 (9) indicate that the Me3Si-substituted terphenyl iso-
cyanide 1c is much more sterically demanding than the cor-
responding nonsubstituted (1a) and Me-substituted (1b) an-
alogues. Thus, 6 was mixed with the terphenyl isocyanide li-
gands 1a–c at three different molar ratios (1:1, 1:2, and 1:4)
in CDCl3 at room temperature, and the mixture was subject-
ed to 1H NMR spectroscopy. The results are shown in
Table 1 (see also the Supporting Information). For the non-
substituted (1a) and Me-substituted (1b) terphenyl isocya-
nides, all the isocyanides in the mixture were associated
with the formation of a single rhodium–isocyanide complex
assignable to the tetracoordinated complex [Rh(L)4]BF4
(7a : L=1a ; 7b : L=1b), irrespective of the Rh/ligand
molar ratio (Table 1, entries 1–6). This is an indication of


Abstract in Japanese:


Scheme 1. New isocyanide ligands for catalysis.


Scheme 2. Synthesis of substituted m-terphenyl isocyanides.


Figure 1. Space-filling models of isocyanide ligands 1a and 1c.
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the compactness of the isocyanide ligands. In contrast, stud-
ies with the Me3Si-substituted terphenyl isocyanide 1c under
the same conditions resulted in the exclusive formation of
biscoordinated Rh–isocyanide complex cis-[Rh ACHTUNGTRENNUNG(1c)2-
(cod)]BF4 (8), again irrespective of the Rh/ligand molar
ratio (Table 1, entries 7–9). When Rh was in excess (Rh/
1c=1:1), half of 6 remained unreacted (Table 1, entry 7).
When the isocyanide was in excess (Rh/1c=1:4), 1c re-
mained (Table 1, entry 9).
Reaction of neutral [RhClACHTUNGTRENNUNG(cod)]2 (9) and the small isocya-


nide 1a at an Rh/ligand ratio of 1:1 resulted in the forma-
tion of monocoordinated isocyanide–Rh complex [RhCl-
ACHTUNGTRENNUNG(1a)ACHTUNGTRENNUNG(cod)] (11a ; Table 1, entry 10), whereas tetracoordinat-
ed complex [Rh ACHTUNGTRENNUNG(1a)4]Cl (10a) was mainly formed when 1a
was in excess (Rh/1a=1:4; Table 1, entry 12). Reaction at
an Rh/ligand ratio of 1:2 produced a mixture of 10a and
11a (Table 1, entry 11). Reaction of 9 with 1c resulted in
the formation of monocoordinated complex [RhCl ACHTUNGTRENNUNG(1c)-
ACHTUNGTRENNUNG(cod)] (11c), irrespective of the Rh/ligand molar ratio
(Table 1, entries 13–15).
These results demonstrate that the steric demand of the


isocyanide ligand 1c is quite different from those of 1a and
1b. The complexes 7a, 7b, 8, 10a, and 11c were isolated
and characterized by 1H and 13C{1H} NMR and IR spectros-
copy, mass spectrometry, and elemental analysis (Table 1,
entries 3, 6, 8, 12, 13). It is clear that the bulkiness of 1c
hampers further coordination of the isocyanide ligand to the
bisisocyanide (8) and monoisocyanide (11c) complexes.


Rh-Catalyzed Hydrosilylation of Ketones with Various
Ligands


Next, the Rh–isocyanide complexes were examined for cata-
lytic activity in the hydrosilylation of cyclohexanone (12)
with Me2PhSiH (13). Results of the hydrosilylation experi-
ments carried out in benzene at room temperature in the
presence of 1 mol% each of [Rh ACHTUNGTRENNUNG(cod)2]BF4 and the isocya-
nide ligand (1a–h ; see Figure 2 for the structures of 1e–h)


are summarized in Table 2. Results with conventional phos-
phine ligands (PPh3 and dppp) are also shown for compari-
son. The acceleration effect with each ligand was evaluated
by the yield of the corresponding silyl ether determined by
GC after 1 h.
The acceleration with isocyanides varied considerably de-


pending on the bulkiness of the ligand. In particular, the
Me3Si-substituted terphenyl isocyanide 1c exhibited the
most significant effect: it gave the silyl ether product 14 in


Table 1. 1H NMR spectroscopy of the in situ complexation of Rh
ACHTUNGTRENNUNGcomplexes and isocyanide ligands.[a]


Entry Rh complex Ligand Rh/L Ratio Product


1 6 1a 1:1 7a+6
2 6 1a 1:2 7a+6
3 6 1a 1:4 7a (79%)[b]


4 6 1b 1:1 7b+6
5 6 1b 1:2 7b+6
6 6 1b 1:4 7b (97%)[b]


7 6 1c 1:1 8+6
8 6 1c 1:2 8 (71%)[b]


9 6 1c 1:4 8 + 1c
10 9 1a 1:1 11a
11 9 1a 1:2 11a+10a[c]


12 9 1a 1:4 10a (99%)[b]


13 9 1c 1:1 11c (78%)[b]


14 9 1c 1:2 11c+1c
15 9 1c 1:4 11c+1c


[a] Conditions: Rh complex ([Rh ACHTUNGTRENNUNG(cod)2]BF4 (6 ; 2.0 mmol) or [RhCl ACHTUNGTRENNUNG(cod)]2
(9 ; 1.0 mmol)) and ligand 1 (2.0–8.0 mmol) at room temperature in CDCl3
(0.7 mL). [b] Yield of isolated product in parentheses. The complex was
prepared by the reaction of the Rh complex (6 or 9, 0.006–0.04 mmol
with respect to Rh) and ligand 1 at room temperature in CH2Cl2. [c] The
reaction was accompanied by formation of some uncharacterized com-
plexes.


Figure 2. Schematic and space-filling structures of isocyanide ligands.


Table 2. Hydrosilylation in the presence of cationic Rh complex with
ACHTUNGTRENNUNGvarious isocyanide and phosphine ligands.[a]


Entry Ligand Yield [%][b]


1 – 13
2 1a 36 (85, 4 h)
3 1b 22 (89, 4 h)
4 1c 97
5 1d 79
6 1e 7
7 1 f 14 (32, 4 h)
8 1g 39 (61, 4 h)
9 1h 36
10 PPh3 34–71 (46–81, 3 h)
11 dppp trace


[a] Conditions: ligand (0.015 mmol), [RhACHTUNGTRENNUNG(cod)2]BF4 (0.015 mmol), 12
(1.5 mmol), and 13 (1.8 mmol) in benzene (1.5 mL) at room temperature
(21–24 8C). [b] Yield of the silyl ether determined by GC. dppp=1,3-bis-
(diphenylphosphanyl)propane.
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97% yield (Table 2, entry 4). The tBuMe2Si-substituted iso-
cyanide 1d showed a slightly decreased acceleration effect
(79% yield; Table 2, entry 5), which suggests that this ligand
is overly bulky.
The terphenyl isocyanides 1a and 1b with smaller steric


demands than 1c are much less effective (Table 2, entries 2
and 3). 2-Biphenyl isocyanide (1e)[9] and 2,6-xylyl isocyanide
(1 f)[7] showed no acceleration effect relative to the rate
without added ligand (Table 2, entries 6 and 7). On the
other hand, acceleration with 2,6-diisopropylphenyl isocya-
nide (1g) was comparable to that of the nonsubstituted ter-
phenyl isocyanide 1a (Table 2, entry 8),[7] which suggests
that the steric effect of the iPr substituents at positions
ortho to the isocyano group is comparable only to the Ph
substituents in simple terphenyl isocyanide 1a. tert-Butyl
isocyanide (1h)[8,10] gave a similar result (Table 2, entry 9).
The yields with the small isocyanides (1a, 1b, 1 f, and 1g) in-
creased slightly on prolonging the reaction time to 4 h
(Table 2, entries 2, 3, 7, and 8), which indicates that the low
yields are due to low catalytic activity rather than catalyst
deactivation. Although the reaction with PPh3 gave a good
yield after 1 h, it suffered from poor reproducibility and sub-
stantial catalyst deactivation over time (Table 2, entry 10).
The bidentate phosphine ligand dppp inhibited the reaction
almost completely (Table 2, entry 11). These results strongly
suggest that the accelerating effect with 1c and 1d is due to
their concave steric features.
The 1c/[Rh ACHTUNGTRENNUNG(cod)2]BF4 catalyst was also effective in the


hydrosilylation of other ketones. The reaction of 13 with
acetophenone (4 h), benzophenone (4 h), 4-phenyl-2-buta-
none (26 h), and b-tetralone (2 h) afforded the correspond-
ing alcohols after the given reaction times in high yields
(84–88% after acidic hydrolysis).
Similar rate-acceleration effects were observed when neu-


tral [RhClACHTUNGTRENNUNG(CH2=CH2)2]2 or [RhCl ACHTUNGTRENNUNG(cod)]2 were used as cata-
lyst precursor (Table 3). The Me3Si-substituted terphenyl
isocyanide 1c (3 h, 97%; Table 3, entry 3) exhibited the


most significant effect. Sterically less demanding isocyanides
1a and 1g as well as PPh3 exhibited smaller acceleration ef-
fects (Table 3, entries 2, 4, and 5). When [RhClACHTUNGTRENNUNG(cod)]2 was
used as a precursor for 1c, the activity was lower than that
of the [RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2/1c catalyst (63% after 4 h;
Table 3, entry 6).


Rh/Ligand Stoichiometry in Catalysis


The correlations between catalytic activity and Rh/1c ratio
are shown in Figure 3. Hydrosilylation with [Rh ACHTUNGTRENNUNG(cod)2]BF4
and 1c at a 1:1 ratio proceeded with the highest rate among
reactions carried out with five different Rh/1c ratios ranging
from 1:0 to 1:3 (Figure 3a).[12] When neutral Rh complexes
([RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2 or [RhCl ACHTUNGTRENNUNG(cod)]2) were used as catalyst
precursors, the highest reaction rate was also observed at a
Rh/1c ratio of 1:1 (Figure 3b). Accordingly, we postulate
that the active species is a 1:1 Rh/1c complex, and that the
coordination of a second molecule of 1c (Rh/1c=1:2)
causes a slight decrease in catalytic activity.[13,14]


Bulky phosphine ligands, such as the bowl-shaped phos-
phine 15 and triethynylphosphine 16, were also reported to


Table 3. Hydrosilylation in the presence of neutral Rh complex with
ACHTUNGTRENNUNGvarious isocyanide and phosphine ligands.[a]


Entry Rh precursor Ligand Yield [%][b]


1 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2 – 15
2 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2 1a 48
3 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2 1c 97
4 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2 1g 15
5 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2 PPh3 24
6 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 1c 63 (4 h)[c]


[a] Conditions: ligand (0.015 mmol), Rh precursor (0.015 mmol with re-
spect to Rh), 12 (1.5 mmol), and 13 (1.8 mmol) in benzene (1.5 mL) at
room temperature (21–24 8C). [b] Yield of the silyl ether determined by
GC. [c] Conditions: ligand (0.015 mmol), Rh precursor (0.015 mmol with
respect to Rh), 12 (1.5 mmol), and 13 (1.95 mmol) in benzene (1.5 mL) at
room temperature (25 8C).


Figure 3. Time–conversion curves for the hydrosilylation of 12 with 13 at
room temperature (20–25 8C) in benzene. a) Ligand 1c (0.015 mmol),
[Rh ACHTUNGTRENNUNG(cod)2]BF4 (0.015 mmol), 12 (1.5 mmol), and 13 (1.8 mmol) in ben-
zene (1.5 mL). b) Ligand 1c (0.015 mmol), [RhCl ACHTUNGTRENNUNG(CH2=CH2)2]2 or [RhCl-
ACHTUNGTRENNUNG(cod)]2 (0.0075 mmol), 12 (1.5 mmol), and 13 (1.95 mmol) in benzene
(1.5 mL).
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have marked rate-acceleration effects in the Rh-catalyzed
hydrosilylation of ketones (Scheme 3).[14–16] As in the case of
the Rh/1c system, the Rh/16 catalyst exerted the highest ac-


tivity with an Rh/ligand ratio of 1:1, and a slight decrease in
the activity was observed with a 1:2 ratio. The acceleration
effect of 16 is explained by assuming the 1:1 Rh/16 complex
as the active species.[16] The highest activities reported for
these Rh/phosphine catalyst systems ([RhClACHTUNGTRENNUNG(cod)]2/15 and
[RhCl ACHTUNGTRENNUNG(cod)]2/16) are comparable with that of the Rh/1c cat-
alyst.
Notably, much higher catalytic activity was recently dem-


onstrated with a heterogeneous monophosphine/Rh catalyst,
which was prepared from compact trialkylphosphine 17,
chemically immobilized on a silica-gel surface, and [RhCl-
ACHTUNGTRENNUNG(CH2=CH2)2]2 (Scheme 3).


[17]


Affinity of Isocyanide for Rh: DFT Calculations


DFT calculations show the high affinity of isocyanide li-
gands for Rh atoms.[18] The affinity of phenyl isocyanide for


Rh was evaluated by calculating the changes in the Gibbs
free energy of formation of cis-[RhCl ACHTUNGTRENNUNG(CH2=CH2)2ACHTUNGTRENNUNG(CNPh)]
from phenyl isocyanide and a Rh complex X (B3LYP/SDD)
at 298 K (DG=�26.5 kcalmol�1; Scheme 4). The free-


energy change for PPh3 in cis-[RhCl ACHTUNGTRENNUNG(H2C=CH2)2ACHTUNGTRENNUNG(PPh3)] was
also calculated (DG=�9.1 kcalmol�1 at 298 K). A compari-
son of these free-energy changes (DDG=�17.4 kcalmol�1)
shows clearly that phenyl isocyanide has higher affinity for
Rh than PPh3. In the light of this result, it would be reasona-
ble to assume that the isocyanide ligand 1c has a high affini-
ty for Rh atoms. This high affinity leads to suppressed disso-
ciation of the isocyanide ligand from the Rh/1c complex
and contributes to the large population of the 1:1 Rh/1c
complex in the catalytic reaction.


Stability of the Isocyanide Ligand in Catalytic Reactions:
FTIR and 13C NMR Spectroscopic Studies


In general, a metal-coordinated isocyanide moiety is suscep-
tible to insertion into metal–carbon and metal–hydride
bonds. These reactions cause the conversion of the metal–
isocyanide complex into the iminoacyl and carbene spe-
cies.[1,19] Therefore, to obtain insight into the chemical stabil-
ity of isocyanide ligands, FTIR and 13C NMR spectroscopic
measurements were conducted under various conditions re-
lated to Rh-catalyzed hydrosilylation (Figures 4 and 5).


FTIR Spectroscopic Studies


The FTIR spectrum of a mixture of isocyanide ligand 1c
and [Rh ACHTUNGTRENNUNG(cod)2]BF4 (1:1, 0.01 mmol) in benzene (1.0 mL)
shows an intense absorption of the isocyanide N�C stretch
in cis-[Rh ACHTUNGTRENNUNG(1c)2ACHTUNGTRENNUNG(cod)]BF4 (8) at higher frequency (2127 cm


�1)
than that of free 1c (2115 cm�1) (Figure 4b and c).[20,21] A
mixture of 1c and [Rh ACHTUNGTRENNUNG(cod)2]BF4 (1:1, 0.01 mmol) in ben-
zene (1.0 mL) was then treated with ketone 12 (10 equiv,
0.10 mmol) and hydrosilane 13 (9 equiv, 0.09 mmol). After
the hydrosilylation was complete, the resultant orange solu-
tion was subjected to FTIR spectroscopy (Figure 4d). A
broad absorption at 2108 cm�1, which corresponds to the iso-
cyanide group in the Rh complex, was observed, but the ab-
sorption of neither 1c nor 8 was detected. In a similar ex-
periment with isocyanide ligand 1c’, which was isotopically
labeled with 13C (99 atom%) at the isocyano carbon, a shift


Scheme 3. Structures of bowl-shaped phosphine 15, triethynylphosphine
16 with bulky end caps, and silica-supported compact trialkylphosphine
[silica]-SMAP (17; SMAP= silicon-constrained monodentate alkylphos-
phine).


Scheme 4. Calculated coordination energies for Rh/isocyanide and
Rh/phosphine complexes (B3LYP/SDD).
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of the absorption band in the isocyanide region to lower fre-
quency (Dñ=�38 cm�1) was observed, thus confirming the
assignments of the isocyano band (ñ ACHTUNGTRENNUNG(N13C)=2070 cm�1; data
not shown in Figure 4). In the above IR spectroscopic ex-
periments, use of a small excess of ketone 12 (0.10 mmol)
over hydrosilane 13 (0.09 mmol) was required to observe
the N�C stretch for the Rh–isocyanide complex. When an
excess of 13 was used, the absorption band of the Rh–isocy-
anide complex was not detected in the crude mixture.


13C NMR Spectroscopic Studies


Next, to examine the structure of the Rh–isocyanide com-
plex observed in the crude hydrosilylation mixture above,
13C{1H} NMR spectroscopy was performed under five differ-
ent conditions (Figure 5A–E) by using either isotopically la-
beled isocyanide ligand 1c’ or unlabeled 1c. In the
13C{1H} NMR spectrum of a mixture of 1c’ and [Rh-
ACHTUNGTRENNUNG(cod)2]BF4 (1:1, 0.01 mmol) in C6D6, the signal for the iso-
cyano carbon atom appeared as a 103Rh-coupled doublet a
at d=147.5 ppm (1JRh,C=66.4 Hz), which is shifted upfield
from that of free isocyanide ligand 1c (d=173.2 ppm in
C6D6) (Figure 5A).


[22] This doublet is assignable to the Rh-
coordinated isocyano carbon atom of the catalyst precursor,
cis-[Rh ACHTUNGTRENNUNG(1c’)2ACHTUNGTRENNUNG(cod)]BF4. This resonance did not change upon
addition of excess cyclohexanone (12) (Figure 5B).
When a mixture of 1c’, [Rh ACHTUNGTRENNUNG(cod)2]BF4 (1:1, 0.01 mmol),


ketone 12 (10 equiv, 0.10 mmol), and C6D6 (1.0 mL) was
treated with hydrosilane 13 (9 equiv, 0.09 mmol), hydrosilyl-
ACHTUNGTRENNUNGation proceeded rapidly (<30 min). Hydrosilane 13 was
completely consumed, while a reasonable amount of cyclo-
hexanone 12 remained. The resultant orange solution was
subjected to 13C{1H} NMR spectroscopy (Figure 5C). The in-
itial doublet a (d=147.5 ppm) of the catalyst precursor dis-
appeared, and a new doublet b (d=171.6 ppm, 1JRh,C=


81.3 Hz) appeared. This new signal should be ascribed to
the coordinated isocyano carbon atom in the Rh complex,
and the simple doublet without 13C�13C coupling is assigna-


ble to either the monoisocyanide complex 18 or a biscoordi-
nated complex with two equivalent isocyanide ligands
(Scheme 5). On the basis of its chemical shift, the small dou-
blet c (d=198.7 ppm, 1JRh,C=42.4 Hz) may be assigned to


Rh–carbene complex 19, which is formed through reaction
of the isocyanide.[19] Two small unidentified resonances at
d=160.9 (d) and 158.0 ppm (e) were also observed. By
taking into account the fact that intensities of the
13C{1H} NMR signals of isocyano carbon atoms are signifi-
cantly smaller than those of other signals, the intensity of
signal b in spectrum C indicates that a reasonable amount of
the Rh–isocyanide complex exists.
To identify the signals for the decomposition products


originating from the corresponding isocyanide ligand in the
high-field region, spectrum C was compared with the spec-
trum obtained with unlabeled ligand 1c (Figure 5D). Com-
parison of the spectra led to the identification of three sig-
nals, f, g, and h, which are missing in spectrum D. Signal f is
in the imine region (d=124.8 ppm), and signals g and h are
in the amine region (d=39.4, 36.0 ppm). These three signals
should be due to the decomposition products of the 13C-la-
beled isocyanide ligand 1c’. As is the case for the IR spec-
troscopic experiments, ketone 12 must exist in the reaction
mixture for the isocyanide signal to be observed. When a
mixture of 1c’ and [Rh ACHTUNGTRENNUNG(cod)2]BF4 was treated with hydrosi-
lane 13 in the absence of ketone 12, the Rh–isocyanide com-
plex decomposed immediately to give the signals (g, h, and
i) for the decomposition products in the 13C NMR spectrum
(Figure 5E). This resultant solution showed very low hydro-
silylation activity. Thus, the reaction that occurred upon ad-
dition of 12 (10 equiv with respect to Rh) and 13 (9 equiv
with respect to Rh) to solution E required 7 h for 70% con-
version of 12. These results clearly indicate that the catalytic
activity is not attributable to the decomposed complexes but
to the Rh–isocyanide complex itself.


Summary of FTIR and 13C NMR Spectroscopic Studies


To summarize the results of the FTIR and NMR spectro-
scopic experiments, the major catalytic species bears the iso-
cyanide ligand 1c as a supporting ligand. As long as ketone
12 is in excess, a reasonable amount of the isocyanide ligand
of the complex remains in the reaction mixture during hy-
drosilylation. Furthermore, NMR spectroscopy shows that
catalyst-decomposition processes, which involve the reaction
of the coordinated isocyanide with hydrosilane, compete
with the hydrosilylation of the ketone.


Figure 4. FTIR spectra of a) benzene as a reference, b) a solution of the
free isocyanide 1c (10 mm) in benzene, c) a mixture of 1c (10 mm) and
[Rh ACHTUNGTRENNUNG(cod)2]BF4 (10 mm) in benzene, and d) the crude hydrosilylation mix-
ture of 12 (100 mm) with 13 (90 mm) in the presence of 1c (10 mm) and
[Rh ACHTUNGTRENNUNG(cod)2]BF4 (10 mm) in benzene. All spectra were obtained in a sealed
NaCl cell (1.0 mm thickness). The absorptions at 2115 cm�1 (b),
2127 cm�1 (c), and 2108 cm�1 (d) are due to stretching of the isocyanide
N�C bonds.


Scheme 5. Expected structures of Rh complexes in reaction mixture C.
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Active Species


The reaction of an equimolar amount of [Rh ACHTUNGTRENNUNG(cod)2]BF4 (6)
and 1c first gives a mixture of bisisocyanide complex cis-
[Rh ACHTUNGTRENNUNG(1c)2ACHTUNGTRENNUNG(cod)]BF4 (11c) and [RhACHTUNGTRENNUNG(cod)2]BF4 (6). The mix-


ture of catalyst precursors should release the cod ligand
upon rapid hydrosilylation prior to entering the catalytic
cycle. Although the molar ratio of Rh/1c for the active spe-
cies was not determined by NMR spectroscopy alone, the


Figure 5. 13C NMR spectra of the reaction mixtures of Rh complexes in C6D6. A: 1c’ (10 mm) and [Rh ACHTUNGTRENNUNG(cod)2]BF4 (10 mm). B: 1c’ (10 mm), [Rh ACHTUNGTRENNUNG(cod)2]BF4
(10 mm), and ketone 12 (126 mm). C: The crude mixture after hydrosilylation of 12 (100 mm) with hydrosilane 13 (90 mm) in the presence of 1c’ (10 mm)
and [Rh ACHTUNGTRENNUNG(cod)2]BF4 (10 mm). D: The crude mixture after hydrosilylation of 12 (100 mm) with 13 (90 mm) in the presence of 1c (10 mm) and [RhACHTUNGTRENNUNG(cod)2]BF4
(10 mm). E: 1c’ (10 mm), [Rh ACHTUNGTRENNUNG(cod)2]BF4 (10 mm), and 13 (90 mm).
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active species in the Rh/1c catalysis is highly likely to be the
monoisocyanide–rhodium complex as a result of the catalyt-
ic reaction.


Conclusions


We have developed new bulky isocyanide ligands with meta-
terphenyl backbones. Their usefulness as supporting ligands
in catalysis was illustrated by application to the rhodium-
catalyzed hydrosilylation of ketones, in which we proposed
that the combined effect of the high affinity of the ligand
for the rhodium atom and the bulkiness of the ligand would
facilitate the formation of a catalytically active monoisocya-
nide–rhodium species. Efforts aimed at further exploiting
the efficient transition-metal-catalyzed reactions influenced
by the isocyanide ligands and developing chiral derivatives
of the isocyanides are ongoing in our laboratory.


Experimental Section


General


NMR spectra were recorded on a Varian Gemini 2000 (1H: 300 MHz;
13C: 75.4 MHz) spectrometer. Tetramethylsilane (TMS; 1H, internal) and
CDCl3 and [D6]dimethyl sulfoxide ([D6]DMSO) (


13C, external) were em-
ployed as standards. GLC analysis was conducted on a Shimadzu GC-
14B instrument equipped with a flame ionization detector. IR spectra
were recorded on a Perkin–Elmer Spectrum One spectrophotometer. El-
emental analysis was performed at the Center for Instrumental Analysis,
Hokkaido University. Low- and high-resolution mass spectra were re-
corded on a JEOL JMS-T50LC mass spectrometer. Melting points were
measured with a Yanaco MP500D apparatus.


All reactions were carried out under argon atmosphere. Materials were
obtained from commercial suppliers and were purified by using standard
procedures, unless otherwise noted. Dry benzene for Rh-catalyzed hydro-
silylation was degassed by three freeze–pump–thaw cycles and was fur-
ther dried on 4-M molecular sieves. Dimethylphenylsilane and cyclohexa-
none were distilled under argon from CaH2. [Rh ACHTUNGTRENNUNG(cod)2]BF4 and 3,5-bis-
(trimethylsilyl)bromobenzene were prepared according to the procedure
in the literature.[23, 24] Sodium [13C]formate was purchased from Aldrich
Chemical Co., Inc.


Computational Calculations


All calculations were performed with the Gaussian 03 program. Geome-
try optimizations for the compounds in Scheme 4 were performed at the
B3LYP level with the SDD basis set, which included a double-zeta va-
lence basis set with the Stuttgart quasirelativistic effective core potential.
Values of Gibbs free energy were obtained on the basis of the frequency
calculations of the model molecules.


Preparation of Isocyanide Ligands


3 : Sodium formate (8.16 g, 120 mmol) was dried under reduced pressure
for 1 h at 50 8C. Pivaloyl chloride (7.24 mL, 60 mmol) was slowly added
to a suspension of dry sodium formate in Et2O (60 mL) at 0 8C. The mix-
ture was allowed to warm to room temperature and stirred for 2 days.
2,6-Dibromo-4-methylaniline (7.95 g, 30 mmol) was added to the result-
ing white suspension, and the reaction mixture was stirred for another
2 days. The resulting white solid was filtered and washed with water and
diethyl ether. Recrystallization from toluene gave N-(2,6-dibromo-4-
methylphenyl)formamide (3) as a white solid (7.9 g, 89%). M.p.: 75 8C;
IR (neat): ñ=3240, 2928, 1652 cm�1 (C=O); 1H NMR (300 MHz,
[D6]DMSO, 20 8C, TMS): 2:8 mixture of isomers: d =10.00 (s, 0.8H,
CHO), 9.76 (d, 3JH,H=10.2 Hz, 0.2H, CHO), 8.28 (s, 0.8H, NH), 8.02 (d,


3JH,H=10.7 Hz, 0.2H, NH), 7.61 (s, 0.4H, ArH), 7.56 (s, 1.6H, ArH),
2.29 ppm (s, 3H, CH3);


13C NMR (75 MHz, [D6]DMSO, 20 8C): d=164.7,
159.8, 141.1, 140.9, 133.2, 132.8, 132.1, 132.0, 123.42, 123.41, 19.8,
19.7 ppm; HRMS (atmospheric pressure chemical ionization; APCI): m/z
calcd for C8H8Br2NO: 291.89726 [M+H]+ ; found: 291.89781.


4c : n-Butyllithium (9.2 mL, 1.60m in hexane, 14.8 mmol) was added to a
stirred solution of 3,5-bis(trimethylsilyl)bromobenzene[24] (4.1 g,
13.4 mmol) in THF (50 mL) at �78 8C. After 1.5 h, triisopropyl borate
(9.3 mL, 40.3 mmol) was added. The resulting mixture was allowed to
warm to room temperature, and the reaction was quenched with aqueous
HCl (2.0m). The mixture was extracted three times with ethyl acetate.
The combined organic layer was washed with water and saturated aque-
ous NaCl and dried over MgSO4. The solution was concentrated in vacuo
and subjected to silica-gel chromatography (EtOAc/hexane=3:7) to
afford 3,5-bis(trimethylsilyl)phenylboronic acid (4c) as a white powder
(2.4 g, 67%). 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d=8.42 (s, 2H,
PhH), 7.91 (s, 1H, PhH), 0.36 ppm (s, 18H, Si ACHTUNGTRENNUNG(CH3)3);


13C NMR
(75 MHz, CDCl3, 20 8C): d=142.5, 141.3, 139.0, 138.9, 128.2 (br),
�1.29 ppm.
4d : 3,5-Bis(tert-butyldimethylsilyl)phenylboronic acid (4d) was prepared
from 3,5-bis(tert-butyldimethylsilyl)bromobenzene[25] (0.39 g, 1.02 mmol),
n-butyllithium (0.65 mL, 1.60m in hexane, 1.04 mmol), and triisopropyl
borate (1.17 mL, 5.07 mmol) according to a procedure similar to that for
the synthesis of 4c. The crude product was purified by silica-gel chroma-
tography (EtOAc/hexane=2:8) to afford 4d as a white solid (0.14 g,
38%). 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d=8.34 (s, 2H, PhH),
7.90 (s, 1H, PhH), 0.92 (s, 18H, SiCACHTUNGTRENNUNG(CH3)3), 0.35 ppm (s, 12H, SiC-
ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 20 8C): d=144.8, 142.2, 135.9, 135.8,
26.4, 16.8, �6.43, �6.47 ppm.
5c : Compound 3 (0.65 g, 2.2 mmol), 4c (1.24 g, 4.7 mmol), Na2CO3
(1.17 g, 11.1 mmol), PdACHTUNGTRENNUNG(OAc)2 (25 mg, 0.11 mmol), and PPh3 (58 mg,
0.22 mmol) were placed in a two-necked round-bottomed flask. After the
flask was evacuated and backfilled with argon, toluene (12 mL), ethanol
(12 mL), and H2O (7 mL) were added. The mixture was heated to reflux
and stirred for 14 h. After cooling to room temperature, the reaction mix-
ture was extracted three times with ethyl acetate. The combined organic
layer was washed with H2O and saturated aqueous NaCl. The resulting
solution was dried over MgSO4 and concentrated in vacuo. The crude
product was subjected to silica-gel chromatography (EtOAc/hexane=


2:98–5:95) to afford N-{2,6-bisACHTUNGTRENNUNG[3,5-bis(trimethylsilyl)phenyl]-4-methyl-
phenyl}formamide (5c) as a white powder (1.25 g, 98%). M.p.: 90 8C; IR
(neat): ñ=3399, 3019, 2955, 1702, 1670 cm�1; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): 3:7 mixture of isomers: d=7.87 (br s, 0.3H, CHO), 7.75 (d,
3JH,H=11.4 Hz, 0.7H, CHO), 7.66–7.62 (m, 2H, ArH), 7.57–7.53 (m,
1.2H, ArH), 7.53–7.47 (m, 2.8H, ArH) 7.25–7.15 (m, 2H, ArH), 6.58 (d,
3JH,H=11.4 Hz, 0.7H, NH), 6.45 (br s, 0.3H, NH), 0.29 ppm (s, 36H);
13C NMR (75 MHz, CDCl3, 20 8C): d =165.7, 161.9, 142.9, 141.7, 140.7,
139.4, 138.7, 138.6, 138.44, 138.40, 137.6, 136.1, 135.6, 132.4, 132.1, 129.8,
128.5, 22.3, 22.1, 0.07 ppm; HRMS (APCI): m/z calcd for
C32H49NOSi4Na: 598.27889 [M+Na]+ ; found: 598.27827.


5a : N-(2,6-Diphenyl-4-methylphenyl)formamide (5a) was prepared from
3 (1.16 g, 3.95 mmol) and 4a (1.20 g, 9.87 mmol) by a procedure similar
to that for the synthesis of 5c. The crude product was subjected to silica-
gel chromatography (EtOAc/hexane=3:97–10:90) to afford 5a as a
white powder (0.77 g, 77%). M.p.: 156 8C; IR (neat): ñ=3269, 3031,
1652 cm�1; 1H NMR (300 MHz, CDCl3, 20 8C, TMS): 3:7 mixture of iso-
mers: d=7.82 (s, 0.3H, CHO) , 7.73 (d, 3JH,H=11.7 Hz 0.7H, CHO),
7.48–7.33 (m, 10H, PhH), 7.19 (s, 2H, ArH), 6.71 (d, 3JH,H=11.7 Hz,
0.7H, NH), 6.61 (s, 0.3H, NH), 2.42 ppm (s, 3H, CH3);


13C NMR
(75 MHz, CDCl3, 20 8C): d =164.8, 160.4, 140.8, 139.8, 138.7, 137.9, 137.2,
136.6, 131.3, 130.8, 129.4, 129.0, 128.9, 128.3, 128.2, 127.8, 127.5, 20.9,
20.8 ppm; HRMS (APCI): m/z calcd for C20H17NONa: 310.12078 [M+


Na]+ ; found: 310.12190.


5b : N-[2,6-Bis(3,5-dimethylphenyl)-4-methylphenyl]formamide (5b) was
prepared from 3 (0.68 g, 2.33 mmol) and 4b[26] (0.73 g, 4.85 mmol) by a
procedure similar to that for the synthesis of 5c. The crude product was
purified by silica-gel chromatography (EtOAc/hexane=3:97–10:90) to
afford 5b as a white powder (0.54 g, 67%). M.p.: 180 8C; IR (neat): ñ=
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3188, 2860, 1682 cm�1; 1H NMR (300 MHz, CDCl3, 20 8C, TMS): 2:8 mix-
ture of isomers: d=7.84 (s, 0.2H, CHO) 7.74 (d, 3JH,H=11.4 Hz, 0.8H,
CHO), 7.13 (s, 2H, ArH), 7.00–6.97 (m, 6H, ArH), 6.80 (br d, 3JH,H=


11.4 Hz, 0.8H, NH), 6.62 (br s, 0.2H), 2.39 (s, 3H, CH3), 2.34 ppm (s,
12H, CH3);


13C NMR (75 MHz, CDCl3, 20 8C): d=164.8, 160.1, 140.8,
139.8, 138.8, 138.6, 137.7, 137.5, 136.9, 135.9, 131.0, 130.6, 129.4, 129.0,
128.2, 127.1, 126.6, 21.2, 20.7 ppm; HRMS (APCI): m/z calcd for
C24H25NONa: 366.18338 [M+Na]+ ; found: 366.18213.


5d : N-{2,6-Bis ACHTUNGTRENNUNG[3,5-bis(tert-butyldimethylsilyl)phenyl]-4-methylphenyl}-
ACHTUNGTRENNUNGformamide ACHTUNGTRENNUNG(5d) was prepared from 3 (0.040 g, 0.136 mmol) and 4d
(0.105 g, 0.30 mmol) according to a procedure similar to that for the syn-
thesis of 5c. The crude product was purified by silica-gel chromatography
(EtOAc/hexane=3:97–10:90) to afford 5d as a white powder (0.093 g,
91%). 1H NMR (300 MHz, CDCl3, 20 8C, TMS): 3:7 mixture of isomers:
d=7.78 (s, 0.3H, CHO), 7.73 (d, 3JH,H=11.5 Hz, 0.7H, CHO), 7.63 (s,
2H, ArH), 7.53 (s, 1.2H, ArH), 7.49 (s, 2.8H, ArH), 7.19 (s, 2H, ArH),
6.55 (d, 3JH,H=11.1 Hz, 0.7H, NH), 6.48 (s, 0.3H, NH), 2.45 (s, 3H, CH3),
0.90 (s, 36H, SiCCH3), 0.30 ppm (s, 24H, SiCH3).


1c : Triethylamine (1.88 mL, 13.5 mmol) was added to a solution of 5c
(0.78 g, 1.35 mmol) in THF (15 mL) under argon atmosphere at 0 8C.
Phosphorus oxychloride (0.38 mL, 4.05 mmol) was then added dropwise
to the mixture. After the mixture was stirred for 1 h at 0 8C, the reaction
was quenched with aqueous Na2CO3, and the mixture was extracted
three times with EtOAc. The combined organic layer was washed with
H2O and aqueous NaCl, dried over MgSO4, and concentrated in vacuo.
The crude product was purified by silica-gel chromatography (EtOAc/
hexane=1:99) to afford 2,6-bis ACHTUNGTRENNUNG[3,5-bis(trimethylsilyl)phenyl]-4-methyl-
phenyl isocyanide ACHTUNGTRENNUNG(1c) as a white powder (0.67 g, 89%). M.p.: 167.5 8C;
IR (neat): ñ=3017, 2953, 2112, 1247 cm�1; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d =7.64–7.71 (m, 6H, ArH), 7.22 (s, 2H, ArH), 2.48 (s, 3H,
CH3), 0.32 ppm (s, 36H, Si ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 20 8C):
d=169.0 (C�N�C), 140.5, 139.7, 139.4, 138.0, 136.2, 134.6, 130.1, 120.7
(br, C�N�C), 21.3, �1.2 ppm; MS (APCI): m/z calcd for C32H47NSi4Na:
580.3 [M+Na]+ ; found: 580.3; elemental analysis: calcd (%) for
C32H47NSi4 (558.06): C 68.87, H 8.49, N 2.51; found: C 68.63, H 8.49, N
2.54.


1a : 2,6-Diphenyl-4-methylphenyl isocyanide (1a) was prepared from 5a
(0.24 g, 0.95 mmol) by a procedure similar to that for the synthesis of 1c.
The crude product was purified by silica-gel chromatography (EtOAc/
hexane=10:90) to afford 1a as a white powder (0.20 g, 91%). M.p.:
104 8C; IR (neat): ñ=3056, 3032, 2118 cm�1; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d=7.55–7.42 (m, 10H, PhH), 7.21 (s, 2H, ArH), 2.45 ppm
(s, 3H, CH3);


13C NMR (75 MHz, CDCl3, 20 8C): d=168.6 (C�N�C),
139.9, 139.5, 137.8, 130.2, 129.2, 128.5, 128.3, 120.4 (br, C�N�C),
21.2 ppm; HRMS (APCI): m/z calcd for C20H15NNa: 292.11022 [M+


Na]+ ; found: 292.11066.


1b : 2,6-Bis(3,5-dimethylphenyl)-4-methylphenyl isocyanide ACHTUNGTRENNUNG(1b) was pre-
pared from 5b (0.4 g, 1.17 mmol) according to a procedure similar to that
for the synthesis of 1c. The crude product was purified by silica-gel chro-
matography (EtOAc/hexane=1:99) to afford 1b as a white powder
(0.30 g, 80%). M.p.: 138 8C; IR (neat): ñ =3000, 2914, 2126 cm�1;
1H NMR (300 MHz, CDCl3, 20 8C, TMS): d =7.16 (s, 2H, ArH), 7.14 (s,
4H, ArH), 7.05 (s, 2H, ArH), 2.42 (s, 3H, CH3), 2.39 ppm (s, 12H, CH3);
13C NMR (75 MHz, CDCl3, 20 8C): d=168.2 (C�N�C), 140.1, 139.2,
138.0, 137.8, 129.95, 129.85, 126.9, 120.4 (br, C�N�C), 21.2, 21.2 ppm;
HRMS (APCI): m/z calcd for C24H23NNa: 348.17282 [M+Na]+ ; found:
348.17155.


1d : 2,6-Bis ACHTUNGTRENNUNG[3,5-bis(tert-butyldimethylsilyl)phenyl]-4-methylphenyl isocya-
nide (1d) was prepared from 5d (91 mg, 0.12 mmol) by a procedure simi-
lar to that for the synthesis of 1c. The crude product was purified by
silica-gel chromatography (EtOAc/hexane=1:99) to afford 1d as a white
powder (71 mg, 80%). M.p.: 157 8C; IR (neat): ñ =2953, 2928, 2856, 2113,
1248 cm�1; 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d=7.69 (s, 2H,
ArH), 7.62 (s, 4H, ArH), 7.19 (s, 2H, ArH), 2.47 (s, 3H, CH3), 0.90 (s,
36H, SiCACHTUNGTRENNUNG(CH3)3), 0.30 ppm (s, 24H, Si ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz,
CDCl3, 20 8C): d =168.7 (C�N�C), 140.7, 140.5, 139.2, 136.6, 135.9, 135.5,
130.2, 26.4, 21.3, 16.8, �6.3 ppm; MS (APCI): m/z calcd for
C44H71NSi4Na: 748.45612 [M+Na]+ ; found: 748.45696.


1c’: N-(2,6-Dibromo-4-methylphenyl) ACHTUNGTRENNUNG[13C]formamide was prepared ac-
cording to a procedure similar to that for the synthesis of 3, by using
sodium [13C]formate (99 atom%) instead of sodium formate. 2,6-Bis ACHTUNGTRENNUNG[3,5-
bis(trimethylsilyl)phenyl]-4-methylphenyl [13C]isocyanide (1c’) was syn-
thesized from N-(2,6-dibromo-4-methylphenyl) ACHTUNGTRENNUNG[13C]formamide along the
same synthetic pathway as 1c (Suzuki–Miyaura coupling and dehydra-
tion).


General Procedure for 1H NMR Spectroscopy of In Situ Complexation of
Rh Cation Complex and Isocyanide Ligands


In a glove box, a solution of [RhACHTUNGTRENNUNG(cod)2]BF4 in CDCl3 (10 mm, 200 mL)
was mixed with a solution of 1 in CDCl3 (20 mm, 50–300 mL) and CDCl3
(350–200 mL) in an NMR sample tube equipped with a screw cap con-
taining a teflon-coated rubber septum to give 600 mL of mixed solution.
The sample tube was sealed and subjected to NMR spectroscopy.


Preparation of Rh/Isocyanide Complexes


7a : [Rh ACHTUNGTRENNUNG(cod)2]BF4 (4.1 mg, 0.01 mmol) and 1a (10.8 mg, 0.04 mmol) were
placed in a reaction tube equipped with a gas inlet and a septum. The
tube was evacuated and backfilled with argon. Anhydrous, degassed
CH2Cl2 (3 mL) was then added, and the mixture was stirred at room tem-
perature for 1 h. After the solvent was evaporated, the residual yellow
solid was washed with hexane and recrystallized from methanol to give
7a as yellow crystals (10 mg, 79%). IR (neat): ñ=3034, 2134 (C�N)
cm�1; 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d=7.29 (s, 8H), 6.95–
7.18 (m, 40H), 2.54 ppm (s, 12H); 13C NMR (75 MHz, CDCl3, 20 8C): d=


148.2 (d, JC,Rh=55.0 Hz, C�N�C), 141.5, 139.8, 136.4, 130.4, 129.1, 128.5,
128.4, 119.4, 21.5 ppm; MS (ESI): m/z calcd for C80H60N4Rh: 1179.3873
[M�BF4]+; found: 1179.3850; elemental analysis: calcd (%) for
C80H60N4RhBF4: C 75.83, H 4.77, N 4.42; found: C 75.36, H 4.88, N 4.40.


7b : This compound was prepared form [RhACHTUNGTRENNUNG(cod)2]BF4 (2.4 mg, 5.9 mmol)
and 1b (8.0 mg, 0.024 mmol) according to the procedure described above.
Complex 7b was obtained as a yellow solid (8.7 mg, 5.7 mmol, 97%). IR
(neat): ñ=2965, 2916, 2142 (C�N), 1592 cm�1; 1H NMR (300 MHz,
CDCl3, 20 8C, TMS): d=7.22 (s, 8H), 6.75 (s, 16H), 6.66 (s, 8H), 2.50 (s,
12H), 1.95 ppm (s, 48H); 13C NMR (75 MHz, CDCl3, 20 8C): d =148.7 (d,
JC,Rh=55.0 Hz, C�N�C), 141.0, 140.1, 137.9, 136.5, 130.1, 129.9, 126.8,
119.8, 21.4, 20.8 ppm; HRMS (ESI): m/z calcd for C96H92N4Rh: 1404.6410
[M�BF4]+; found: 1404.6370.


8 : A solution of 1c (25 mg, 0.045 mmol) in CH2Cl2 (0.5 mL) was added
to a solution of [Rh ACHTUNGTRENNUNG(cod)2]BF4 (7.7 mg, 0.0189 mmol) in CH2Cl2 (0.5 mL).
After the mixture was stirred for 1 h, hexane (5 mL) was added, and the
solvent was then evaporated slowly. At the early stage of the evapora-
tion, an orange solid first precipitated. After the orange solid was re-
moved by filtration, the filtrate was further evaporated to afford a yellow
solid. This solid was washed with hexane and dried under reduced pres-
sure to give 8 as a yellow powder (19 mg, 0.013 mmol, 71%). IR (neat):
ñ=2954, 2160 (C�N), 2131 (C�N), 1246 cm�1; 1H NMR (300 MHz,
CDCl3, 20 8C, TMS): d=7.70 (s, 4H), 7.51 (s, 8H), 7.20 (s, 4H), 3.98–3.90
(m, 4H), 2.51 (s, 6H), 2.12–1.95 (m, 4H), 1.95–1.71 (m, 4H), 0.21 ppm (s,
72H); 13C NMR (75 MHz, CDCl3, 20 8C): d=145.6 (d, JC,Rh=65.9 Hz, C�
N�C), 141.6, 140.8, 140.6, 138.4, 136.2, 134.3, 131.3, 120.1, 101.6 (d,
JC,Rh=6.9 Hz), 30.3, 21.4, �1.0 ppm; MS (ESI): m/z calcd for
C72H106N2RhSi8: 1326.5 [M�BF4]+ ; found: 1326.4; elemental analysis:
calcd (%) for C72H106N4RhSi8BF4: C 61.16, H 7.56, N 1.98; found: C
61.31, H 7.63, N 1.91.


10a : [RhCl ACHTUNGTRENNUNG(cod)]2 (2.47 mg, 0.005 mmol) and 1a (10.8 mg, 0.04 mmol)
were placed in a reaction tube equipped with a gas inlet and a septum.
The tube was evacuated and backfilled with argon. After addition of an-
hydrous, degassed CH2Cl2 (1 mL), the mixture was stirred at room tem-
perature for 20 min. The solvent was evaporated to give a yellow solid.
The resulting solid was recrystallized from CH2Cl2/hexane to afford 10a
(12 mg, 9.9 mmol, 99%). IR (neat): ñ=3033, 2138 (C�N) cm�1; 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d = 7.29 (s, 8H), 6.98–7.21 (m, 40H),
2.55 ppm (s, 12H); 13C NMR (75 MHz, CDCl3, 20 8C): d=148.3 (d,
JC,Rh=51.0 Hz, C�N�C), 141.5, 139.8, 136.4 130.4, 129.0, 128.4, 128.4,
119.4, 21.6 ppm; HRMS (ESI): m/z calcd for C80H60N4Rh: 1179.38730
[M�Cl]+ ; found: 1179.39092.
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11c : [RhCl ACHTUNGTRENNUNG(cod)]2 (9.8 mg, 0.02 mmol) and 1c (22.4 mg, 0.04 mmol) were
placed in a reaction tube equipped with a gas inlet and a septum. The
tube was evacuated and backfilled with argon. After addition of anhy-
drous, degassed CH2Cl2 (2 mL), the mixture was stirred at room tempera-
ture for 2 h. After the solvent was removed under reduced pressure, the
residual oil was subjected to recycle GPC to give 11c as a yellow oil
(25 mg, 0.031 mmol, 78%). The yellow crystalline 11c was obtained by
recrystallization from methanol. IR (neat): ñ =2951, 2138 (C�N),
1244 cm�1; 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d=7.75–7.71 (m,
2H), 7.54 (d, J=1.1 Hz, 4H), 7.16 (s, 2H), 5.23–5.28 (m, 2H), 2.91–2.95
(m, 2H), 2.44 (s, 3H), 2.02–2.32 (m, 4H), 1.77–1.99 (m, 4H), 0.36 ppm (s,
36H); 13C NMR (75 MHz, CDCl3, 20 8C): d=149.3 (d, JC,Rh=68.7 Hz, C�
N�C), 140.8, 140.1, 139.4, 138.3, 136.2, 134.2, 130.3, 121.6, 108.2 (d,
JC.Rh=6.3 Hz, RHC=CHR), 70.6 (d, JC,Rh=12.6 Hz, RHC=CHR), 32.5,
28.5, 21.3, �1.0 ppm; HRMS (ESI): m/z calcd for C40H59ClNNaRhSi4:
826.2366 [M+Na]+ ; found: 826.2371; elemental analysis: calcd (%) for
C40H59ClNRhSi4: C 59.71, H 7.39, N 1.74; found: C 59.53, H 7.32, N 1.72.


General Procedure for Rh-Catalyzed Hydrosilylation of Ketones (Tables 2
and 3 and Figure 3)


The Rh complex (0.015 mmol with respect to Rh) and the isocyanide
(0.015–0.045 mmol) were placed in a reaction tube equipped with a gas
inlet and a septum. The tube was evacuated and backfilled with argon.
After addition of anhydrous, degassed benzene (1.5 mL), the mixture was
stirred at room temperature for 1 h. Cyclohexanone (12 ; 147 mg,
1.5 mmol), 1,4-diisopropylbenzene (66.9 mg, 0.412 mmol, as an internal
standard for GC analysis), and dimethylphenylsilane (13 ; 245 mg,
1.8 mmol) were then added by syringe. The yield of product 14 was deter-
mined by gas chromatography.


FTIR and NMR Spectroscopy of the Rh/Isocyanide Complex in the
Reaction Mixture During Hydrosilylation (Scheme 4 and Figures 4 and 5)


[Rh ACHTUNGTRENNUNG(cod)2]BF4 (4.1 mg, 0.01 mmol) and the isocyanide (0.01 mmol) were
placed in a reaction tube equipped with a gas inlet and a septum. The
tube was evacuated and backfilled with argon. After addition of anhy-
drous, degassed benzene (for FTIR) or C6D6 (for NMR) (1.0 mL), the
mixture was stirred at room temperature for 1 h. Cyclohexanone (12 ;
10.4 mL, 0.10 mmol) and dimethylphenylsilane (13 ; 13.8 mL, 0.09 mmol)
were then added by syringe. After the mixture was stirred for 1 h, it was
transferred into a sealed NaCl cell for IR spectroscopy or an NMR
sample tube under argon atmosphere.
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Total Synthesis of Sialylated Glycans Related to Avian and Human Influenza
Virus Infection


Shinya Hanashima and Peter H. Seeberger*[a]


Introduction


The influenza virus poses a severe threat for a worldwide
pandemic.[1] The strain H5N1, a highly virulent avian influ-
enza virus, has been spreading in eastern Asia and Europe.
The remarkable similarity between the strain responsible for
the Spanish influenza pandemic in 1918 and H5N1 has been
described based on gene-sequence analysis and reconstruc-
tion of the virus.[2] Viral strains are classified by differences
in the surface antigens hemagglutinin and neuraminidase.
Cell-surface glycans that carry a terminal N-acetylneura-


minic acid (Neu5Ac) play an essential role for viral infec-
tion.[3] Binding of the virus correlates with the type of sialic
acid and the glycan sequence.[3d] The tertiary structure of he-
magglutinin trimer in its interaction with sialylated glycans
has been studied by combining X-ray crystallography and
computational analysis.[4,5]


Human and avian viruses differ significantly in the way
they interact with Neu5Ac on the surface of the host cells.
Whereas the human influenza virus preferentially recognizes
the Neu5AcaACHTUNGTRENNUNG(2-6)Gal linkage, the avian flu virus binds to
the Neu5AcaACHTUNGTRENNUNG(2-3)Gal motif.[4–6] The epithelial cells of the
human respiratory tract express both sequences, but differ-
ential distribution renders the direct infection of humans
with avian viruses unlikely.[7]


To avoid the spread of pandemic influenza viruses, highly
sensitive and rapid detection methods are urgently needed
to identify potential hosts immediately. Carbohydrate-micro-
array technology holds great potential for the identification
and typing of different viral strains.[6,8] Access to pure oligo-
saccharides in a form that allows for attachment to a micro-
array surface is the limiting step for the production of such
carbohydrate arrays. Herein we report the synthesis of four
viral receptor sialoglycans: 1a, 1b, 2a, and 2b
(Scheme 1a).[3–6] These four pentasaccharides[9] represent all
the permutations of the sialic acid aACHTUNGTRENNUNG(2-3) or a ACHTUNGTRENNUNG(2-6) galactose
bond and the glucosamine b ACHTUNGTRENNUNG(1-3) or b ACHTUNGTRENNUNG(1-4) galactose linkage
found in nature.


Results and Discussion


The sialylated glycans 1a, 1b, 2a, and 2b were systematical-
ly assembled by using five building blocks (Scheme 1b). N-
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Phenyl trifluoroacetimidate served as the anomeric leaving
group for most of the glycosylations except for the sialyla-
tions. This leaving group circumvents rearrangements that
result in acetamidate by-products.[10]


Neu5Ac-capped glycans 1a, 1b, 2a, and 2b of the neolac-
to and lacto series were synthesized from sialyl-a ACHTUNGTRENNUNG(2-6)galac-
tose and sialyl-aACHTUNGTRENNUNG(2-3)galactose building blocks 6 and 7 by
coupling with trisaccharides 4 and 5. All glycans were
equipped with an amine handle connected to the reducing
terminus by a C6 alkyl spacer. Sialylation of galactoside 12
and 13 was achieved with the N-Troc-protected phenylthio
and phosphitidyl glycoside building blocks 11a[11] or 11b to
furnish 6 and 7. Few examples for the use of N-Troc sialic
acid phosphite to create sialyl-aACHTUNGTRENNUNG(2-3)galactose linkages
exist.[15a] We explored this particular type of building block
owing to its reactivity and the possibility of deriving various
sialic acid species.[12c] Trisaccharide 4 was assembled from
glucose 8, galactose 9, and glucosamine 10. Selective manip-
ulation of the protecting groups of 4 furnished building
block 5, which carries a C3 hydroxy group.
Initially, chemical sialylation reactions that involve build-


ing blocks 6 and 7 were explored (Scheme 2).[12,13] Neu5Aca-
ACHTUNGTRENNUNG(2-6)Gal N-phenyl trifluoroacetimidate disaccharide 6 was
synthesized from N-Troc sialyl phenylthioglycoside 11a.
Union with galactose diol 13 in acetonitrile at �40 8C pro-


duced the disaccharide,[14] before acetylation gave 14 in
71% yield (a/b=6:1). At this stage, the anomeric TDS
group was removed by treatment with HF/pyridine, before
introduction of an anomeric N-phenyl trifluoroacetimidate
produced the key sialyl-aACHTUNGTRENNUNG(2-6)galactose building block 6 in
92% yield.
The synthesis of the sialyl-a ACHTUNGTRENNUNG(2-3)galactose N-phenyl tri-


fluoroacetimidate building block 7 is depicted in Scheme 3
and Table 1. Sialylation of 12[16] with building block 11a as


Scheme 1. a) Sialylated pentasaccharides that bind to influenza hemagglutinins. b) Linier synthetic plan and building blocks for assembling the pentasac-
charides 1a, 1b, 2a, and 2b. Aloc=allyloxycarbonyl, Bn=benzyl, Bz=benzoyl, Fmoc=9-fluorenylmethoxycarbonyl, Lev= levulinoyl, TCA= trichloro-
acetyl, TDS= thexyldimethylsilyl, Troc=2,2,2-trichloroethoxycarbonyl.


Scheme 2. Synthesis of sialyl-a ACHTUNGTRENNUNG(2-6)galactose building block 6. Reagents
and conditions: a) NIS, TfOH, CH3CN, 4-J molecular sieves, �40 8C;
b) Ac2O, pyridine, 71% (a/b=6:1); c) HF/pyridine, DMF, 40 8C, 80%;
d) CF3C ACHTUNGTRENNUNG(NPh)Cl, Cs2CO3, CH2Cl2, 92%. DMF=N,N-dimethylforma-
mide, NIS=N-iodosuccinimide, TfOH= trifluoromethanesulfonic acid.
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well as NIS and TfOH furnished 16 in low yield (Table 1,
entry 1). The TDS group was partially cleaved under these
conditions. Consequently, 11a was transformed into phos-
phite 11b to explore other activating conditions. The phen-
ACHTUNGTRENNUNGylthio glycoside 11a was hydrolyzed by treatment with NBS
in aqueous acetone prior to the introduction of bisbenzyl-
phosphite by N,N-bisethylaminophosphoramidite to afford
11b.[15] Although glycosyl phosphite 11b was successfully
coupled with nucleophiles 12, 17, and 19 in the presence of
TMSOTf in acetonitrile, disaccharides 16, 18, and 20 were
obtained in low to moderate yield (Table 1, entries 2–4).
Careful optimization identified reaction conditions that pro-
duced satisfying yields (Table 1, entry 5). The reaction pro-
ceeded smoothly even at �78 8C in propionitrile to provide
disaccharide 16 in 65% yield.[17]


After benzoylation of 16 by
treatment with excess benzoyl
chloride, the 4,6-benzylidene
was replaced by acetates to
avoid the undesired formation
of a isomers during subsequent
glycosylations.[18] To put this
plan to practice, 21 was treated
with PPTS in protic media fol-
lowed by reacetylation to give
22 in 92% yield. The anomeric
TDS group of 22 was then re-
moved by HF/pyridine to
afford 23. Finally, placement of
the anomeric N-phenyl trifluo-
ACHTUNGTRENNUNGroacetimidate provided 7.
The synthesis of galactose


building block 9 (Scheme 4)


employed the cyclic-ketal protection of Ley and co-workers
to mask the C2 and C3 hydroxy groups.[19] Initially, sodium
methoxide removed the acetyl protection of 24, following
which treatment with butane-2,3-dione, orthomethylformate,
and catalytic amounts of CSA produced 25 in 64% yield.
The remaining hydroxy groups of 25 were benzylated. Sub-
sequent acidic removal of cyclic ketal produced diol 26.
Next, the C3 hydroxy group of 26 was equipped with a tem-
porary Fmoc carbonate group. Treatment of 26 with Fmoc
chloride resulted in an inseparable mixture of C2 and C3 O-
Fmoc isomers even at �40 8C.
This mixture was benzoylated, and chromatographic sepa-


ration gave 27 in 43% yield. Hydrolysis of the thiophenyl
glycoside 27 produced the hemiacetal in 86% yield, before
introduction of the anomeric N-phenyl trifluoroacetimidate
group afforded building block 9 in 93% yield.
Glucosamine building block 10, which carries both Lev


and Fmoc protection, was prepared from 28[20] (Scheme 5).
Placement of the Lev group by esterification and reductive


Scheme 3. Synthesis of sialyl-a ACHTUNGTRENNUNG(2-3)galactose building block 7. Reagents and conditions: a) NBS, acetone, H2O,
90%; b) Et2NP ACHTUNGTRENNUNG(OBn)2, tetrazole, CH3CN, 86% (a/b=1:8); c) BzCl (excess), pyridine, dichloroethane, 60 8C,
89%; d) i) PPTS, CH3CN/MeOH, reflux; ii) Ac2O, pyridine, 92%; e) HF/pyri-
dine, DMF, 45 8C, 93%; f) CF3C ACHTUNGTRENNUNG(NPh)Cl, Cs2CO3, CH2Cl2, 85%. NBS=N-bro-
mosuccinimide, PPTS=pyridinium p-toluenesulfonate.


Table 1. Sialylation of galactoses 12, 17, and 19 with 11.


Entry Sialic acid
building block


Nucleophile Conditions[a] Product Yield[b]


[%]


1 11a 12 A 16 33
2 11b 17 B 18 32
3 11b 19 B 20 30
4 11b 12 B 16 51
5 11b 12 C 16 65


[a] A: NIS (1.5 equiv), TfOH (0.2 equiv), 4-J molecular sieves, �35 8C in
CH3CN; B: TMSOTf (0.1 equiv), 4-J molecular sieves, �35 8C in
CH3CN; C: TMSOTf (0.1 equiv), 4-J molecular sieves, �78 8C in
CH3CH2CN. [b] Yield of the isolated a anomer. Sia= sialyl, TMS= trime-
thylsilyl.


Scheme 4. Synthesis of galactose building block 9. Reagents and condi-
tions: a) i) NaOMe, MeOH; ii) butane-2,3-dione, HC ACHTUNGTRENNUNG(OMe)3, CSA,
MeOH, reflux, 64%; b) BnBr, NaH, DMF, 91%; c) 90% TFA/H2O,
94%; d) i) FmocCl, pyridine, CH2Cl2, �40 8C; ii) BzCl, pyridine, CH2Cl2,
43%; e) NBS, acetone, H2O, 86%; f) CF3C ACHTUNGTRENNUNG(NPh)Cl, Cs2CO3, CH2Cl2,
93%. CSA=camphor-10-sulfonic acid, TFA= trifluoroacetic acid.
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benzylidene opening by TFA and triethylsilane provided the
glucosamine derivative 29a in good yield. Next, the Fmoc
group was introduced to produce 29b in 81% yield. The
anomeric N-phenyl trifluoroacetimidate was installed after
oxidative removal of MP ether with CAN to provide 10.
Trisaccharides 4 and 5 were both synthesized from gluco-


side 34 (Scheme 6). This common precursor was in turn de-


rived from 30.[21] Fmoc protection and replacement of the
phenylthio group with fluoride gave 32.[22] Union of alcohol
33, which carries an Aloc-protected amine terminal, with
fluoride 32 was initiated by Cp2HfCl2/AgOTf[23] to produce 8
in 80% yield. Under mild basic conditions, the Fmoc group
of 8 was removed to yield 34 (97%) and set the stage for
glycosylation with galactose building block 9, which pro-
duced lactose derivative 35 in 91% yield. Again, removal of


temporary Fmoc protection afforded 36. Glycosylation of 36
with glucosamine building block 10 and subsequent Fmoc
cleavage furnished key trisaccharide 4 in 69% yield. To syn-
thesize the bACHTUNGTRENNUNG(1-3)GlcNAc backbone, the liberated hydroxy
group was acetylated. Cleavage of the Lev ester with hydra-
zine acetate produced key trisaccharide 5 in 95% yield.[24]


With the key trisaccharides in hand, the final assembly
and global deprotection of pentasaccharides 1a and 1b was
undertaken (Scheme 7). The 2+3 coupling strategy to pro-


duce sialylated pentasaccharides 37a and 37b relied on the
reaction of trisaccharide 4 with sialyl-aACHTUNGTRENNUNG(2-6)galactose and
sialyl-a ACHTUNGTRENNUNG(2-3)galactose building blocks 6 and 7. N-phenyl tri-
fluoroacetimidates 6 and 7 were activated with catalytic
amounts of TMSOTf, and the glycosylation reactions pro-
ceeded smoothly to give pentasaccharides 37a and 37b.
While examining the global deprotection conditions of


37a and 37b, it became clear that the Aloc protection at the
terminal amine group did not stand up to the reductive con-


Scheme 5. Synthesis of glucosamine building block 10. Reagents and con-
ditions: a) i) LevOH, DIC, DMAP, CH2Cl2; ii) TFA, Et3SiH, CH2Cl2,
93%; b) FmocCl, pyridine, CH2Cl2, 81%; c) CAN, CH3CN, H2O, 88%;
d) CF3C ACHTUNGTRENNUNG(NPh)Cl, Cs2CO3, CH2Cl2, 71%. CAN=ammonium cerium ni-
trate, DIC=diisopropyl carbodiimide, DMAP=4-dimethylaminopyri-
dine, MP=p-methoxyphenyl.


Scheme 6. Synthesis of trisaccharides 4 and 5. Reagents and conditions:
a) FmocCl, pyridine, CH2Cl2, 94%; b) NBS, DAST, CH2Cl2, 0 8C, 80%;
c) HO ACHTUNGTRENNUNG(CH2)6NHAloc 33, AgOTf, [Cp2HfCl2], toluene, 4-J molecular
sieves, 50 8C, 80%; d) Et3N, THF, 97%; e) 9, TMSOTf, CH2Cl2, 0 8C,
91%; f) Et3N, THF, 82%; g) i) 10, TMSOTf, CH2Cl2, 0 8C; ii) Et3N, THF,
69%; h) i) Ac2O, pyridine; ii) hydrazine acetate, DMF, 95%. Cp=cyclo-
pentadienyl, DAST=diethylaminosulfur trifluoride.


Scheme 7. Synthesis of pentasaccharides 1a and 1b. Reagents and condi-
tions: a) TMSOTf, CH2Cl2, 0 8C, 37a : 90%, 37b : 89%; b) i) [Pd ACHTUNGTRENNUNG(PPh3)4],
p-toluenesulfinic acid, CH2Cl2, ii) CbzOSu, Et3N, 38a : 80%, 38b : 85%;
c) i) H2NNH2, AcOH, DMF, ii) Zn/Cu couple, 40 8C, 2 days; iii) Ac2O,
pyridine, 39a : 55%, 39b : 40%; d) i) 0.05m NaOMe in MeOH, then H2O;
ii) H2, 20% Pd(OH)2/C, MeOH, H2O, AcOH, 1a : 45%, 1b : 58%. Cbz=


carbyloxybenzoyl, Su= succinimidyl.
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ditions. Therefore, the Aloc group was replaced by a Cbz
moiety. Treatment of 37a/b with [Pd ACHTUNGTRENNUNG(PPh3)4] and p-toluene-
sulfinic acid resulted in the ready removal of the Aloc
moiety,[25] and addition of Cbz succinate and triethylamine
produced 38a/b in a one-pot manner. Reduction of the N-
trichloroacetyl group to the corresponding acetate did not
proceed in a satisfactory manner when zinc powder was em-
ployed.[26,27] After careful optimization, the use of a Zn/Cu
couple with gentle heating allowed for complete TCA re-
duction.[28] The Troc group was removed simultaneously, and
subsequent acetylation produced 39a and 39b in moderate
yield. Basic treatment with sodium methoxide in methanol
cleaved all the acetates and benzoates. Addition of water in-
duced hydrolysis of the sialic acid methyl ester. Palladium-
catalyzed hydrogenolysis of the benzyl ethers and the Cbz
group provided target pentasaccharides 1a and 1b.
The synthesis of pentasaccharides 2a and 2b was planned


on the basis of the lessons learned from the synthesis of 1a
and 1b (Scheme 8). Glycosylation of trisaccharide 5 with


sialylgalactose building blocks 6 and 7 produced the desired
pentasaccharides 40a and 40b in good yield. Replacement
of the Aloc groups by Cbz provided 41a and 41b in 74 and
81% yield, respectively. Treatment with Zn/Cu couple and
acetylation furnished 42a and 42b in moderate yield. Global
deprotection by ester hydrolysis and hydrogenolysis gave
the pentasaccharides 2a and 2b. The four pentasaccharides
contain a terminal amine group for ready immobilization
onto carbohydrate arrays and conjugation to protein carri-
ers.


Conclusions


We have described the synthesis of four sialylated glycans
(1a, 1b, 2a, and 2b) equipped with an amine group attached
to the reducing terminus by a C6 spacer. The core trisac-
charide, which is common to all four molecules, was assem-
bled from three building blocks (8–10) in a linear fashion.
Orthogonal deprotection produced two trisaccharides, 4 and
5, for the construction of the target pentasaccharides. N-
Troc-protected sialic acid phenylthioglycoside 11a served in
the construction of the sialyl-aACHTUNGTRENNUNG(2-6)galactose linkage. To in-
stall the sialyl-a ACHTUNGTRENNUNG(2-3)galactose unit, sialic acid phosphite 11b
produced the best results.
The four pentasaccharides have been attached to microar-


ray slides, and binding experiments with different influenza
virus hemagglutinin proteins as well as different viral strains
are currently ongoing.


Experimental Section


General


1H and 13C NMR spectra were recorded on Varian Mercury-300 and
Gemini-300 spectrometers. 1H and 13C NMR chemical shifts in CDCl3 are
reported in ppm relative to CHCl3 (7.24 ppm) and CDCl3 (77.0 ppm), re-
spectively. Chemical shifts in D2O are relative to DOH (4.65 ppm; 1H).
Optical rotations were measured with a JASCO DIP-370 polarimeter.
High-resolution MALDI and ESI mass spectra were recorded on an Ion-
Spec Ultra mass spectrometer.


Syntheses


13 : BzCl (1.65 mL, 14.2 mmol) was added to a solution of 12 (2.35 g,
5.96 mmol) in CH2Cl2 (3 mL)/pyridine (3 mL). After stirring for 2.5 h at
room temperature, the mixture was concentrated and redissolved in
EtOAc. The organic phase was washed with 10% citric acid, and the
aqueous phase was extracted with EtOAc. The combined organic layers
were washed with brine, dried over Na2SO4, filtered, and concentrated.
The crude dibenzoate produced was dissolved in MeOH (60 mL), and
TsOH/H2O (566 mg, 2.98 mmol) was added. After stirring for 4.5 h, the
mixture was diluted with EtOAc and neutralized with aqueous NaHCO3.
The aqueous phase was extracted with EtOAc, and the combined organic
layers were washed with brine, dried over Na2SO4, filtered, and concen-
trated. Purification with flash silica-gel column chromatography (hex-
anes/EtOAc=4:1–3:2) gave thexyldimethylsilyl 2,3-di-O-benzoyl-b-d-gal-
actopyranoside (13 ; 2.13 g, 4.01 mmol, 67%). [a]25D =++61 (c=1.00,
chloroform); 1H NMR (300 MHz, CDCl3): d=7.99–7.94 (m, 4H), 7.54–
7.34 (m, 6H), 5.70 (dd, J=7.5, 10.3 Hz, 1H, 2-H), 5.27 (dd, J=3.1,
10.3 Hz, 1H, 3-H), 4.96 (d, J=7.8 Hz, 1H, 1-H), 4.37–4.35 (m, 1H, 4-H),
4.04–4.01 (m, 1H, 6a-H), 3.91–3.89 (m, 1H, 6b-H), 3.79–3.77 (m, 1H, 5-
H), 2.59 (d, J=4.7 Hz, 1H, OH), 2.02–2.00 (m, 1H, OH), 1.54–1.52 (m,


Scheme 8. Synthesis of pentasaccharides 2a and 2b. Reagents and condi-
tions: a) TMSOTf, CH2Cl2, 0 8C, 40a : 94%, 40b : 94%; b) i) [Pd ACHTUNGTRENNUNG(PPh3)4],
p-toluenesulfinic acid, CH2Cl2; ii) CbzOSu, Et3N, 41a : 74%, 41b : 81%;
c) i) Zn/Cu couple, 40 8C, 2 days; ii) Ac2O, pyridine, 42a : 59%, 42b :
62%; d) i) 0.05m NaOMe in MeOH, then H2O; ii) H2, 20% Pd(OH)2/C,
MeOH, H2O, AcOH, 2a : 64%, 2b : 59%.
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1H), 0.75–0.72 (m, 12H), 0.18 (s, 3H), 0.08 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=165.7, 165.1, 133.3, 129.7, 129.5, 128.9, 128.3, 128.1,
96.4, 74.3, 71.5, 68.3, 62.4, 33.9, 24.8, 20.0, 19.9, 18.5, �1.6, �3.2 ppm; MS
(ESI): m/z calcd for C28H42NO8Si: 548.3 [M+NH4]


+ ; found: 548.0; ele-
mental analysis: calcd (%) for C28H38O8Si: C 63.37, H 7.22; found: C
63.26, H 7.26.


14 : NIS (231 mg, 1.03 mmol) and TfOH (10 mL, 0.113 mmol) were added
to a solution of 11a (501 mg, 0.699 mmol) and 13 (555 mg, 1.05 mmol) in
CH3CN (15 mL) with 4-J molecular sieves (2.1 g) at �40 8C, and the
mixture was stirred for 4 h at �40 8C under Ar atmosphere. The mixture
was then neutralized with Et3N, filtered through celite to remove the mo-
lecular sieves, and diluted with EtOAc. The organic phase was washed
with aqueous NaHCO3. The aqueous phase was extracted with EtOAc,
and the combined organic layers were washed with brine, dried over
Na2SO4, filtered, and concentrated. The crude product was then dissolved
in pyridine (5 mL), and Ac2O (2.5 mL) was added in an ice bath. After
stirring for 17 h at room temperature under an atmosphere of nitrogen,
the mixture was concentrated and coevaporated with toluene. Purifica-
tion by flash silica-gel column chromatography (hexanes/EtOAc=4:1–
2:1, then toluene/EtOAc=6:1) gave thexyldimethylsilyl (methyl 4,7,8,9-
tetra-O-acetyl-3,5-dideoxy-5-trichloroethoxycarbonylamino-d-glycero-a-
d-galacto-2-nonulopyranosylonate)-(2!6)-4-O-acetyl-2,3-di-O-benzoyl-
b-d-galactopyranoside (14 ; 583 mg, 0.495 mmol, 71% a/b =6:1). a ano-
mer: [a]23D =++18 (c=0.66, chloroform); 1H NMR (300 MHz, CDCl3): d=


7.98–7.96 (m, 2H), 7.88–7.86 (m, 2H), 7.52–7.32 (m, 6H), 5.67 (d, J=


2.8 Hz, 1H), 5.60 (dd, J=7.5, 10.3 Hz, 1H), 5.42 (dd, J=3.4, 10.6 Hz,
1H), 5.40–5.35 (m, 2H), 5.00 (d, J=7.8 Hz, 1H), 4.98–4.96 (m, 1H), 4.90
(d, J=12.4 Hz, 1H), 4.85 (d, J=9.6 Hz, 1H), 4.48 (d, J=12.1 Hz, 1H),
4.35 (dd, J=1.9, 12.1 Hz, 1H), 4.20–4.14 (m, 2H), 4.06 (t, J=6.2 Hz,
1H), 3.86–3.83 (m, 1H), 3.81 (s, 3H), 3.61 (dd, J=10.3, 20.5 Hz, 1H),
3.43 (dd, J=6.5, 10.3 Hz, 1H), 2.60 (dd, J=4.7, 13.1 Hz, 1H), 2.19 (s,
3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.06 (s, 3H), 2.01 (s, 3H), 1.85 (t, J=


12.5 Hz, 1H), 1.54–1.51 (m, 1H), 0.74–0.71 (m, 12H), 0.21 (s, 3H),
0.13 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =170.9, 170.6, 170.6,
170.3, 169.7, 167.9, 165.7, 165.5, 154.2, 133.3, 133.1, 129.9–128.4, 99.0,
96.3, 95.6, 77.4, 74.7, 72.2, 72.1, 72.0, 71.8, 16.4, 67.9, 67.8, 67.4, 63.5, 62.5,
53.1, 51.7, 38.2, 34.0, 24.9, 21.2, 21.2, 21.0, 20.8, 20.0, 18.6, �1.6,
�3.3 ppm; HRMS (MALDI): m/z calcd for C51H66NO22Cl3SiNa:
1200.2809 [M+Na]+ ; found: 1200.2782; b anomer:[a]23D =++3.5 (c=0.14m,
chloroform); 1H NMR (300 MHz, CDCl3): d=7.96–7.93 (m, 2H), 7.89–
7.86 (m, 2H), 7.52–7.34 (m, 6H), 5.78 (d, J=2.8 Hz, 1H), 5.61 (dd, J=


7.5, 10.6 Hz, 1H), 5.47 (dd, J=3.4, 10.3 Hz, 1H), 5.38 (dd, J=2.2, 6.2 Hz,
1H), 5.30–5.28 (m, 1H), 5.24 (d, J=10.0 Hz, 1H), 5.22–5.20 (m, 1H),
4.95 (d, J=7.5 Hz, 1H), 4.80 (d, J=11.8 Hz, 1H), 4.63 (dd, J=2.5,
12.5 Hz, 1H), 4.55 (d, J=12.1 Hz, 1H), 4.08–4.06 (m, 1H), 3.84 (s, 3H),
3.84–3.81 (m, 1H), 3.68 (dd, J=2.2, 10.6 Hz, 1H), 3.58–3.56 (m, 1H),
3.41 (t, J=9.3 Hz, 1H), 2.56 (dd, J=5.0, 13.1 Hz, 1H), 2.31 (s, 3H), 2.16
(s, 3H), 2.14 (s, 3H), 2.03 (s, 3H), 1.98 (s, 3H), 1.80 (t, J=12.5 Hz, 1H),
1.52–1.50 (m, 1H), 0.74–0.71 (m, 12H), 0.17 (s, 3H), 0.07 ppm (s, 3H).


6 : HF/pyridine (800 mL) was added to a solution of 14 (396 mg,
0.336 mmol) in DMF (8 mL), and the mixture was stirred at 45 8C for
15 h. The mixture was then carefully neutralized with aqueous NaHCO3


in an ice bath, and the aqueous phase was extracted with EtOAc. The
combined organic layers were washed with brine, dried over Na2SO4, fil-
tered, and concentrated. Purification by flash silica-gel column chroma-
tography (hexanes/EtOAc=4:1–3:2) gave 15 (278 mg, 0.268 mmol,
80%). Next, 15 (276 mg, 0.266 mmol) was dissolved in CH2Cl2 (4 mL)
before addition of CF3CACHTUNGTRENNUNG(NPh)Cl (168 mg, 0.809 mmol) and Cs2CO3


(178 mg, 0.546 mmol) at 0 8C. After stirring for 2.5 h at 0 8C to room tem-
perature under Ar atmosphere, the mixture was filtered through celite,
and the filtrate was concentrated. Purification by flash silica-gel column
chromatography (hexanes/EtOAc=4:1–3:2) gave methyl (4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-5-trichloroethoxycarbonylamino-d-glycero-a-d-galac-
to-2-nonulopyranosylonate)-(2!6)-4-O-acetyl-2,3-di-O-benzoyl-b-d-gal-
actopyranose N-phenyl trifluoroacetimidate (6 ; 295 mg, 0.244 mmol,
92%). [a]23D =++37 (c=0.32, chloroform); 1H NMR (300 MHz, CDCl3):
d=8.00–7.86 (m, 4H), 7.57–7.09 (m, 6H), 6.73 (d, J=8.1 Hz, 1H), 5.90–
5.34 (m, 4H), 5.00–4.79 (m, 2H), 4.48 (d, J=12.1 Hz, 1H), 4.31 (dd, J=


2.5, 12.8 Hz, 1H), 4.21–3.77 (m, 3H), 3.81 (s, 3H), 3.69–3.67 (m, 1H),


3.54–3.51 (m, 1H), 2.59 (dd, J=4.7, 13.1 Hz, 1H), 2.18–2.00 (m, 1H),
1.87 ppm (t, J=12.5 Hz, 1H); 13C NMR (75 MHz): d=170.3–165.3, 153.8,
142.8, 133.2–132.8, 129.7–128.2, 126.3, 120.3, 119.1, 98.9, 95.9, 95.3, 91.0,
74.5, 72.4–71.5, 69.4, 68.4–67.1, 63.4–62.8, 53.0, 51.7, 38.0, 21.1–20.8 ppm;
HRMS (MALDI): m/z calcd for C51H52N2O22Cl3F3Na: 1229.1921 [M+


Na]+ ; found: 1229.1934.


16 : TMSOTf (10 mL, 51 mmol) was added to a solution of 11b (441 mg,
0.517 mmol) and 12 (323 mg, 0.787 mmol) in EtCN (10 mL) with 4-J mo-
lecular sieves (1.10 g) at �78 8C, and the mixture was stirred for 75 min
at �78 8C under argon atmosphere. The mixture was then neutralized
with Et3N, filtered through celite to remove the molecular sieves, and di-
luted with EtOAc. The organic phase was washed with aqueous NaHCO3


and brine, dried over Na2SO4, filtered, concentrated, and purified by
flash silica-gel column chromatography (toluene/EtOAc=3:2) to give
thexyldimethylsilyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloro-
ACHTUNGTRENNUNGethoxycarbonylamino-d-glycero-a-d-galacto-2-nonulopyranosylonate)-
(2!3)-4,6-O-benzylidene-b-d-galactopyranoside (16 ; 340 mg,
0.334 mmol, 65%). [a]22D =++19 (c=1.27, chloroform); 1H NMR
(300 MHz, CDCl3): d =7.52–7.49 (m, 2H), 7.36–7.34 (m, 3H), 5.43–5.40
(m, 2H), 5.35 (s, 2H), 5.05–4.91 (m, 2H), 4.90 (d, J=12.1 Hz, 1H), 4.67
(d, J=7.5 Hz, 1H), 4.68 (d, J=12.1 Hz, 1H), 4.27 (dd, J=12.1, 14.0 Hz,
1H), 4.23–4.18 (m, 3H), 3.97 (d, J=3.4 Hz, 1H), 3.78–3.76 (m, 1H), 3.58
(s, 3H), 3.42 (s, 1H), 2.76 (dd, J=8.4, 12.8 Hz, 1H), 2.56 (s, 1H), 2.19 (s,
3H), 2.17 (s, 3H), 2.05 (s, 3H), 2.00 (s, 3H), 1.95 (t, J=12.5 Hz, 1H),
1.70–1.68 (m, 1H), 0.91–0.85 (m, 12H), 0.21 (s, 3H), 0.20 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=170.6, 170.3, 170.0, 169.9, 168.2, 153.9,
138.0, 128.8, 128.0, 126.4, 100.8, 97.9, 97.0, 95.3, 74.9, 74.4, 73.8, 71.9, 70.4,
69.2, 67.8, 67.7, 67.0, 66.1, 62.0, 60.3, 52.7, 51.6, 38.5, 34.0, 24.9, 21.2, 20.7,
20.1, 20.0, 18.5, 18.4, 14.1, �1.9, �2.7 ppm; HRMS (MALDI): m/z calcd
for C42H60NO19Cl3SiNa: 1138.2492 [M+Na]+; found: 1138.2469.


21: BzCl (380 mL, 3.28 mmol) was added to a solution of 16 (220 mg,
0.216 mmol) in dichloroethane (2.5 mL) and pyridine (2.5 mL), and the
mixture was stirred for 22 h at 60 8C under nitrogen atmosphere. The sol-
vent was then evaporated, and the precipitate was redissolved in EtOAc
and washed with 10% citric acid, H2O, aqueous NaHCO3, and brine. The
organic phase was dried over Na2SO4, filtered, concentrated, and purified
by flash silica-gel column chromatography (toluene/EtOAc=8:1–4:1) to
give thexyldimethylsilyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-tri-
chloroethoxycarbonylamino-d-glycero-a-d-galacto-2-nonulopyranosylo-
nate)-(2!3)-4,6-O-benzylidene-2-O-benzoyl-b-d-galactopyranoside (21;
213.4 mg, 0.1903 mmol, 89%). [a]23D =++32 (c=0.57, chloroform);
1H NMR (300 MHz, CDCl3): d=8.11–8.08 (m, 2H), 7.61–7.32 (m, 8H),
5.55–5.53 (m, 1H), 5.39 (dd, J=7.8, 10.3 Hz, 1H), 5.36 (br s, 1H), 5.32
(dd, J=2.2, 9.7 Hz, 1H), 4.95 (d, J=7.5 Hz, 1H), 4.85 (d, J=12.1 Hz,
1H), 4.84–4.75 (m, 2H), 4.48 (dd, J=3.7, 10.3 Hz, 1H), 4.43 (d, J=


11.8 Hz, 1H), 4.34 (dd, J=2.5, 12.5 Hz, 1H), 4.25 (dd, J=1.3, 13.4 Hz,
1H), 4.11 (d, J=12.8 Hz, 1H), 4.06 (dd, J=5.6, 12.5 Hz, 1H), 4.00–3.80
(m, 2H), 3.56–3.45 (m, 2H), 3.54 (s, 3H), 2.66 (dd, J=4.7, 12.8 Hz, 1H),
2.22 (s, 3H), 2.07 (s, 3H), 1.93 (s, 3H), 1.82 (s, 3H), 1.66 (t, J=12.8 Hz,
1H), 1.52–1.49 (m, 1H), 0.72–0.69 (m, 12H), 0.18 (s, 3H), 0.09 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d =170.6, 170.2, 170.1, 170.0, 168.5,
164.9, 153.9, 137.8, 133.5, 132.6, 130.6–128.1, 100.9, 96.5, 96.1, 95.2, 74.5,
73.5, 72.2, 72.1, 71.8, 69.3, 68.4, 67.5, 67.1, 66.1, 62.5, 52.7, 51.3, 38.5, 33.9,
24.7, 21.5, 20.8, 20.6, 20.0, 18.5, �1.6, �2.8 ppm; HRMS (MALDI): m/z
calcd for C49H64NO20Cl3NSiNa: 1142.2754 [M+Na]+ ; found: 1142.2733.


22 : PPTS (163 mg, 0.648 mmol) was added to a solution of 21 (294 mg,
0.262 mmol) in CH3CN (4 mL) and MeOH (4 mL), and the mixture was
stirred for 5 h at 75 8C. The mixture was then cooled to room tempera-
ture, neutralized with Et3N, concentrated, and dried under reduced pres-
sure. The crude product was dissolved in pyridine (6 mL), and Ac2O
(3 mL) was added. After stirring for 10 h at room temperature, the mix-
ture was concentrated and redissolved in EtOAc. The organic phase was
washed with 10% citric acid. The aqueous phase was extracted with
EtOAc, and the combined organic layers were washed with aqueous
NaHCO3 and brine, dried over Na2SO4, filtered, concentrated, and puri-
fied by flash silica-gel column chromatography (toluene/EtOAc=6:1–
3:1) to give thexyldimethylsilyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy-5- trichloroethoxycarbonylamino-d-glycero-a-d-galacto-2-nonulo-
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pyranosylonate)-(2!3)-4,6-di-O-acetyl-2-O-benzoyl-b-d-galactopyrano-
side (22 ; 268 mg, 0.240 mmol, 92%). [a]23D =++29 (c=1.55, chloroform);
1H NMR (300 MHz, CDCl3): d=8.14–8.12 (m, 2H), 7.58–7.43 (m, 3H),
5.63–5.61 (m, 1H), 5.26–5.17 (m, 2H), 4.98–4.88 (m, 3H), 4.81 (d, J=


11.8 Hz, 1H), 4.66–4.62 (m, 2H), 4.38 (d, J=12.1 Hz, 1H), 4.33 (dd, J=


2.2, 12.5 Hz, 1H) 4.07 (d, J=7.2 Hz, 2H), 3.97 (dd, J=6.5, 12.5 Hz, 1H),
3.90–3.87 (m, 1H), 3.85 (s, 3H), 3.66 (dd, J=2.5, 10.6 Hz, 1H), 3.43 (dd,
J=10.3, 21 Hz, 1H), 2.60 (dd, J=4.7 Hz, 12.5 Hz, 1H), 2.21 (s, 3H), 2.15
(s, 3H), 2.07 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 1.95 (s, 3H), 1.68 (t, J=


12.5 Hz, 1H), 1.47–1.45 (m ,1H), 1.40–1.24 (m, 9H), 0.14 (s, 3H),
0.06 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =170.5, 170.3, 170.3,
170.1, 170.1, 169.9, 167.8, 165.1, 153.9, 153.9, 132.8, 130.3, 130.1, 128.1,
96.6, 96.0, 95.2, 77.2, 74.5, 73.0, 71.4, 71.3, 70.8, 69.0, 68.1, 67.4, 66.8, 62.5,
62.4, 53.2, 51.0, 37.6, 33.8, 24.7, 21.6, 20.9, 20.9, 20.8, 20.3, 20.0, 19.8, 18.5,
18.4, �1.8, �3.2 ppm; HRMS (MALDI): m/z calcd for
C46H64NO22Cl3SiNa: 1138.2653 [M+Na]+ ; found: 1138.2626.


7: HF/pyridine (600 mL) was added to a solution of 22 (246 mg,
0.220 mmol) in DMF (6 mL), and the mixture was stirred at 45 8C for
20 h. The mixture was then carefully neutralized with aqueous NaHCO3


in an ice bath, and the aqueous phase was extracted with EtOAc. The
combined organic layers were washed with brine, dried over Na2SO4, fil-
tered, concentrated, and purified by silica-gel column chromatography
(hexanes/EtOAc=2:1–1:1) to give the hemiacetal (199 mg, 0.204 mmol,
93%). The hemiacetal (196 mg, 0.201 mmol) was dissolved in CH2Cl2
(3 mL), and CF3CACHTUNGTRENNUNG(NPh)Cl (128 mg, 0.618 mmol) and Cs2CO3 (129 mg,
0.396 mmol) were added at 0 8C. After stirring for 2.5 h at 0 8C to room
temperature under an atmosphere of argon, the mixture was filtered
through celite, and the filtrate was concentrated. Purification by flash
silica-gel column chromatography (hexanes/EtOAc=3:1–3:2) gave
methyl (4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroethoxycarbonylami-
no-d-glycero-a-d-galacto-2-nonulopyranosylonate)-(2!3)-4,6-di-O-ace-
ACHTUNGTRENNUNGtyl-2-O-benzoyl-b-d-galactopyranose N-phenyl trifluoroacetimidate (7;
217 mg, 0.171 mmol, 85%). [a]23D =++40 (c=0.95, chloroform) 1H NMR
(300 MHz, CDCl3): d=8.15 (dd, J=6.2, 13.4 Hz, 2H), 7.65–6.78 (m, 8H),
6.45 (d, J=7.5 Hz, 1H), 6.16–6.14 (m, 1H), 5.49 (t, J=9.6 Hz, 1H), 5.17
(dd, J=2.5, 11.8 Hz, 1H), 5.04–4.71 (m, 5H), 4.38 (d, J=12.1 Hz, 1H),
4.30 (dd, J=2.2, 12.1 Hz, 1H), 4.21–3.79 (m, 3H), 3.86 (s, 3H), 3.66 (dd,
J=2.5, 10.6 Hz, 1H), 3.47 (m, 1H), 2.63 (dd, J=4.7, 12.1 Hz, 1H), 2.20–
1.91 (m, 1H), 1.73 ppm (t, J=12.1 Hz, 1H); 13C NMR (75 MHz, CDCl3):
d=171.0–169.8, 167.7, 164.9, 153.9, 143.2, 133.6, 133.3, 130.1–128.4, 126.2,
124.3, 120.4, 119.3, 119.0, 96.7, 95.2, 74.5, 71.8, 71.6, 70.9, 70.2, 69.0, 67.4,
67.4, 66.9, 62.6, 62.3, 61.8, 60.5, 53.3, 50.9, 37.5, 21.6–20.7, 14.3 ppm;
HRMS (MALDI): m/z calcd for C46H50N2O22F3Cl3Na: 1167.1765 [M+


Na]+ ; found: 1167.1760.


25 : NaOMe (103 mg, 1.91 mmol) was added to a solution of 24 (8.30 g,
18.9 mmol) in MeOH (80 mL), and the mixture was stirred at room tem-
perature under N2 atmosphere. After stirring for 7 h, the reaction mixture
was neutralized with Amberlite IR-120 resin. The resin was removed by
filtration, and the filtrate was concentrated and dried under reduced
pressure. The residue was dissolved in MeOH (60 mL), and butane-2,3-
dione (2.0 mL, 23 mmol), trimethylorthoformate (6.2 mL, 57 mmol), and
CSA (438 mg, 1.89 mmol) were added. The mixture was stirred while
heated under reflux for 12 h. After cooling to room temperature, the
mixture was neutralized with Et3N and concentrated. Purification by
flash silica-gel column chromatography (hexanes/EtOAc=1:1–1:2) gave
phenylthio-1-deoxy-2,3-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-b-d-galacto-
pyranoside (25 ; 4.66 g, 12.1 mmol, 64%). [a]25D =�146 (c=1.18, chloro-
form); 1H NMR (300 MHz, CDCl3): d =7.55–7.50 (m, 2H), 7.31–7.23 (m,
3H), 4.78 (d, J=10.0 Hz, 1H, 1-H), 4.15–3.93 (m, 3H), 3.85–3.76 (m,
2H), 3.64–3.62 (m, 1H, 5-H), 3.26 (s, 3H), 3.18 (s, 3H), 2.59 (br s, 1H,
OH), 2.15 ppm (br s, 1H, OH); 13C NMR (75 MHz, CDCl3): d=133.3,
131.4, 128.7, 127.2, 100.4, 85.4, 78.8, 71.7, 68.3, 65.3, 62.7, 48.1, 17.8,
17.7 ppm; MS (ESI): m/z calcd for C18H30NO7S: 404.2 [M+NH4]


+ ;
found: 404.0; HRMS (MALDI): m/z calcd for C18H26O7SNa: 409.1297
[M+Na]+ ; found: 409.1295.


26a : Benzylbromide (3.4 mL, 29 mmol) and NaH (60% in mineral oil;
1.12 g, 28.0 mmol) were added to a solution of 25 (4.48 g, 11.6 mmol) in
DMF (40 mL), and the mixture was stirred for 9.5 h at room temperature


under an atmosphere of nitrogen. Et3N (4.0 mL) was then added to
remove any remaining benzyl bromide. After further stirring for 30 min,
the mixture was poured into iced water. The aqueous phase was extract-
ed with EtOAc, and the combined organic layers were washed with
brine, dried over Na2SO4, filtered, and concentrated. Purification by flash
silica-gel column chromatography (hexanes/EtOAc=9:1–4:1) gave phen-
ACHTUNGTRENNUNGylthio-1-deoxy-4,6-di-O-benzyl-2,3-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-b-
d-galactopyranoside (26a ; 5.96 g, 10.5 mmol, 91%). [a]23D =�126 (c=


0.82, chloroform); 1H NMR (300 MHz, CDCl3): d=7.55–7.16 (m, 15H),
5.00 (d, J=11.5 Hz, 1H), 4.77 (d, J=9.9 Hz, 1H, 1-H), 4.60 (d, J=


11.5 Hz, 1H), 4.48 (d, J=11.5 Hz, 1H), 4.42 (d, J=11.5 Hz, 1H), 4.26 (t,
J=9.9 Hz, 1H, 2-H), 3.86–3.62 (m, 5H, 3-H, 4-H, 5-H, 6a-H, 6b-H), 3.27
(s, 3H), 3.17 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =138.8, 137.9,
133.9, 133.2–126.8, 100.0, 99.7, 85.6, 78.1, 73.9, 73.5, 73.2, 68.9, 65.5, 47.9,
47.8, 17.7, 17.6 ppm; MS (ESI): m/z calcd for C32H42NO7S: 584.3 [M+


NH4]
+ ; found: 584.2; HRMS (MALDI): m/z calcd for C32H38O7Na:


589.2236 [M+Na]+ ; found: 589.2231.


26b : A solution of 26a (5.74 g, 10.1 mmol) in aqueous TFA (90%,
30 mL) was stirred at room temperature for 30 min. The solvent was re-
moved by evaporation and coevaporated with toluene. The remaining
residue was purified by flash silica-gel column chromatography (CH2Cl2/
EtOAc=20:1–6:1) to give phenylthio-1-deoxy-4,6-di-O-benzyl-b-d-galac-
topyranoside (26b ; 4.32 g, 9.55 mmol, 94%). [a]25D =�32 (c=0.61, chloro-
form); 1H NMR (300 MHz, CDCl3): d =7.57–7.53 (m, 2H), 7.37–7.23 (m,
13H), 4.74 (d, J=11.6 Hz, 1H), 4.67 (d, J=11.8 Hz, 1H), 4.54 (d, J=


11.8 Hz, 1H), 4.51 (d, J=9.3 Hz, 1H, 1-H), 4.48 (d, J=11.6 Hz, 1H),
3.95–3.93 (m, 1H, 4-H), 3.76–3.65 (m, 4H, 2-H, 3-H, 6a-H, 6b-H), 3.65–
3.62 (m, 1H, 5-H), 2.57 (br s, 1H, OH), 2.43 ppm (d, J=6.2 Hz, 1H,
OH); 13C NMR (75 MHz, CDCl3): d =138.2, 137.6, 132.4, 132.0, 128.8,
128.3–127.5, 88.4, 77.6, 76.0, 75.3, 75.0, 73.5, 70.3, 68.5 ppm; MS (ESI):
m/z calcd for C26H32NO5S: 470.2 [M+NH4]


+ ; found: 470.0; elemental
analysis: calcd (%) for C26H28O5S: C 69.00, H 6.24; found: C 68.71, H
6.31.


27: Pyridine (700 mL, 8.65 mmol) was added to a solution of 26 (392 mg,
0.867 mmol) in CH2Cl2 (10 mL), and the mixture was cooled to �40 8C.
FmocCl (243 mg, 0.94 mmol) was added as three portions at 2-h intervals
at �40 8C. After stirring overnight at �40 8C to room temperature, the
mixture was diluted with CH2Cl2 and neutralized with 10% citric acid.
The aqueous phase was extracted with CH2Cl2, and the combined organic
layers were washed with brine, dried over Na2SO4, filtered, and concen-
trated. Purification by flash silica-gel column chromatography (hexanes/
EtOAc=5:1–3:1) gave an inseparable mixture of regioisomers (417 mg,
0.617 mmol). The mixture was dissolved in CH2Cl2 (4 mL) and pyridine
(4 mL), and benzoyl chloride (100 mL, 0.86 mmol) was added. The mix-
ture was stirred at room temperature under N2 atmosphere. After stirring
for 15 h, the mixture was diluted with CH2Cl2 and washed with HCl
(0.5m). The aqueous phase was extracted with CH2Cl2, and the combined
organic layers were washed with brine, dried over Na2SO4, filtered, and
concentrated. Purification by flash silica-gel column chromatography
(hexanes/EtOAc=10:1–6:1) gave phenylthio-1-deoxy-4,6-di-O-benzyl-2-
O-benzoyl-3-O-(9-fluorenylmethyl)oxycarbonyl-b-d-galactopyranoside
(27; 293 mg, 0.376 mmol, 43%). [a]25D =++39 (c=0.92, chloroform);
1H NMR (300 MHz, CDCl3): d =8.07–8.04 (m, 2H), 7.70–7.07 (m, 26H),
5.76 (t, J=10.0 Hz, 1H, 2-H), 5.09 (dd, J=3.1, 10.0 Hz, 1H, 3-H), 4.88
(d, J=10.0 Hz, 1H, 1-H), 4.79 (d, J=11.2 Hz, 1H) 4.53 (d, J=11.8 Hz,
1H), 4.50 (d, J=11.5 Hz, 1H), 4.46 (d, J=11.8 Hz, 1H), 4.33–4.04 (m,
4H, 4-H, 6a-H, 6b-H, Fmoc), 3.87–3.85 (m, 1H, 5-H), 3.76–3.74 ppm (m,
2H, Fmoc); 13C NMR (75 MHz, CDCl3): d =165.3, 154.7, 143.4, 143.0,
141.4, 138.0, 137.9, 133.4–127.3, 125.4, 125.1, 120.1, 86.9, 79.2, 77.5, 75.2,
74.1, 73.8, 70.3, 68.8, 68.5, 46.6 ppm; MS (ESI): m/z calcd for
C48H46NO8S: 796.3 [M+NH4]


+ ; found: 796.2; elemental analysis: calcd
(%) for C48H42O8S: C 74.02, H 5.43; found: C 73.82, H 5.32.


9 : NBS ( 256 mg, 1.44 mmol) was added to a solution of 27 (269 mg,
0.346 mmol) in acetone/H2O (6 mL/1 mL). The mixture was stirred at
room temperature for 30 min, diluted with EtOAc, and washed with 5%
Na2S2O3. The aqueous phase was extracted with EtOAc, and the com-
bined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated. Purification by flash silica-gel column chromatography
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(hexanes/EtOAc=5:1–3:1) gave the hemiacetal (204 mg, 0.297 mmol,
86%). CF3 ACHTUNGTRENNUNG(NPh)Cl (190 mg, 0.918 mmol) and Cs2CO3 (190 mg,
0.584 mmol) were added to a solution of the hemiacetal (197 mg,
0.287 mmol) in CH2Cl2 (5 mL) at 4 8C. After stirring for 4 h at 4 8C to
room temperature under an atmosphere of nitrogen, the solid salt was re-
moved by filtration through celite. The filtrate was concentrated. Purifi-
cation by flash silica-gel column chromatography (hexanes/EtOAc=3:1)
gave 4,6-di-O-benzyl-2-O-benzoyl-3-O-(9-fluorenylmethyl)oxycarbonyl-b-
d-galactopyranose N-phenyl trifluoroacetimidate (9 ; 229 mg, 0.267 mmol,
93%): [a]23D =++63 (c=0.61, chloroform); 1H NMR (300 MHz, CDCl3):
d=8.07 (d, J=6.5 Hz, 2H), 7.72–7.06 (m, 24H), 6.69 (d, J=7.2 Hz, 2H),
5.98–5.95 (m, 2H), 5.10 (br s, 1H), 4.80 (d, J=11.2 Hz, 1H), 4.57–4.09
(m, 7H), 3.72 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3): d=164.7,
154.3, 143.1, 143.0, 142.7, 141.1, 141.0, 137.5, 133.3, 129.8, 129.1, 128.6,
128.4, 128.3, 127.9, 127.8, 127.1, 125.1, 124.9, 124.3, 119.9, 119.1, 95.2,
77.4, 75.4, 74.5, 73.6, 73.4, 70.3, 69.4, 67.7 ppm; HRMS (MALDI): m/z
calcd for C50H42O9NF3Na: 880.2709 [M+Na]+ ; found: 880.2763.


29a : Levulinic acid (1.3 mL, 13 mmol), diisopropylcarbodiimide (DIC;
1.6 mL, 10 mmol), and DMAP (536 mg, 4.39 mmol) were added to a solu-
tion of 28 (4.30 g, 8.29 mmol) in CH2Cl2 (35 mL). After stirring at room
temperature for 3.5 h, the mixture was diluted with CH2Cl2 and 10%
citric acid. The aqueous phase was extracted with CH2Cl2, and the com-
bined organic layers were washed with aqueous NaHCO3 and brine,
dried over Na2SO4, filtered, and concentrated. Treatment with hexane/
EtOAc gave precipitation. The dried precipitate was dissolved in CH2Cl2
(35 mL), and Et3SiH (6.6 mL, 41 mmol) and TFA (3.2 mL, 42 mmol)
were added in an ice bath under N2 atmosphere. The mixture was stirred
for 7 h at 0 8C, then more Et3SiH (2.2 mL, 14 mmol) and TFA (1.2 mL,
16 mmol) were added to complete the reaction. After stirring for 1.5 h at
0 8C to room temperature, the mixture was neutralized with cold aqueous
NaHCO3. The aqueous phase was extracted with CH2Cl2, and the com-
bined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated. Purification by flash silica-gel column chromatography
(hexanes/EtOAc=2:1–1:2) gave p-methoxyphenyl 2-deoxy-6-O-benzyl-3-
O-levulinoyl-2-trichloroacetamidyl-a-d-glucopyranoside (29a ; 4.79 g,
7.74 mmol, 93%). [a]23D =�27 (c=0.43, chloroform); 1H NMR (300 MHz,
CDCl3): d=7.41 (d, J=9.0 Hz, 1H, NH), 7.33–7.25 (m, 5H), 6.99–6.97
(m, 2H), 6.78–6.75 (m, 2H), 5.35 (dd, J=8.4, 10.5 Hz, 1H, 3-H), 5.06 (d,
J=8.4 Hz, 1H), 4.61 (d, J=11.7 Hz, 1H), 4.56 (d, J=11.7 Hz, 1H, 1-H),
4.22–4.20 (m, 1H), 3.90–3.70 (m, 4H), 3.75 (s, 3H), 3.39 (d, J=3.1 Hz,
1H), 2.80–2.46 (m, 4H), 2.11 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=207.5, 173.3, 162.1, 155.4, 151.1, 137.7, 128.4, 127.7, 127.6, 118.6, 114.5,
100.4, 75.1, 74.7, 73.7, 70.0, 69.6, 55.7, 55.6, 38.5, 29.8, 28.3 ppm; elemen-
tal analysis: calcd (%) for C27H30Cl3NO9: C 52.40, H 4.89, N 2.26; found:
C 52.32, H 4.93, N 2.42.


29b : FmocCl (2.40 g, 9.28 mmol) and pyridine (6.3 mL, 78 mmol) were
added to a solution of 29a (4.79 g, 7.74 mmol) in CH2Cl2 (30 mL). After
stirring at room temperature for 1 h, the mixture was diluted with
CH2Cl2 and 10% citric acid. The aqueous phase was extracted with
CH2Cl2, and the combined organic layers were washed with 10% citric
acid and brine, dried over Na2SO4, filtered, concentrated, and purified by
silica-gel column chromatography (hexanes/EtOAc=6:1–2:1) to give p-
methoxyphenyl 2-deoxy-6-O-benzyl-4-O-(9-fluorenylmethyl)oxycarbonyl-
3-O-levulinoyl-2-trichloroacetamidyl-a-d-glucopyranoside (29b ; 5.27 g,
6.27 mmol, 81%); [a]23D =�18 (c=0.74, chloroform); 1H NMR (300 MHz,
CDCl3): d=7.76 (d, J=7.8 Hz, 2H), 7.54 (dd, J=0.6, 7.5 Hz, 1H), 7.41–
7.16 (m, 10H), 7.13 (d, J=9.0 Hz, 1H, NH), 7.00–6.98 (m, 2H), 6.72–6.70
(m, 2H), 5.60 (dd, J=9.3, 10.5 Hz, 1H, 3-H), 5.16 (d, J=8.1 Hz, 1H, 1-
H), 5.10 (t, J=9.3 Hz, 1H, 4-H), 4.55 (d, J=12.3 Hz, 1H), 4.50 (d, J=


12.3 Hz, 1H), 4.47–4.17 (m, 3H), 3.98–3.95 (m, 1H, 5-H), 3.75–3.65 (m,
3H), 3.69 (s, 3H), 2.68–2.43 (m, 4H), 2.02 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=205.7, 172.5, 162.0, 155.6, 153.9, 150.9, 143.2, 143.0,
141.2, 137.6, 128.3–127.1, 125.1, 120.0, 118.8, 114.4, 100.0, 73.7, 73.2, 73.0,
71.8, 70.5, 68.8, 56.3, 55.6, 46.6, 37.9, 29.6, 28.1 ppm; elemental analysis:
calcd (%) for C42H40Cl3NO11: C 59.97, H 4.79, N 1.67; found: C 59.83, H
4.86, N 1.79.


10 : CAN (4.70 g, 8.57 mmol) was added to a solution of 29b (1.46 g,
1.74 mmol) in CH3CN (32 mL) and H2O (5 mL). After stirring at room


temperature for 30 min, the mixture was diluted with EtOAc and water.
The aqueous phase was extracted with EtOAc, and
the combined organic layers were washed with aqueous NaHCO3 and
brine, dried over Na2SO4, filtered, concentrated, and purified by flash
silica-gel column chromatography (hexanes/EtOAc=4:1–3:2) to give the
corresponding hemiacetal (1.12 g, 1.53 mmol, 88%). The hemiacetal
(1.12 g, 1.53 mmol) was dissolved in CH2Cl2 (10 mL), and CF3C ACHTUNGTRENNUNG(NPh)Cl
(969 mg, 4.67 mmol) and Cs2CO3 (1.02 g, 3.14 mmol) were added at 0 8C.
After stirring for 2 h at room temperature under argon atmosphere, the
mixture was filtered through celite. The filtrate was concentrated and pu-
rified by silica-gel column chromatography (hexanes/EtOAc=8:1–3:1) to
give 2-deoxy-6-O-benzyl-4-O-(9-fluorenylmethyl)oxycarbonyl-3-O-levuli-
noyl-2-trichloroacetamidyl-d-glucopyranose N-phenyl trifluoroacetimi-
date (10 ; 989 mg, 1.09 mmol, 71%); [a]23D =++53 (c=0.90, chloroform);
1H NMR (300 MHz, CDCl3): d =7.78 (dd, J=0.62, 7.5 Hz, 2H), 7.59 (d,
J=7.5 Hz, 2H), 7.45–7.19 (m, 10H), 7.17–7.14 (m, 2H), 6.76 (d, J=


7.2 Hz, 1H), 6.52 (br s, 1H), 5.52 (dd, J=9.7, 10.8 Hz, 1H), 5.25 (t, J=


10.0 Hz, 1H), 4.61–4.41 (m, 3H), 4.39–4.37 (m, 1H), 4.36 (t, J=10.2 Hz,
1H), 4.25 (t, J=7.2 Hz, 1H), 4.15–4.12 (m, 1H), 3.70–3.67 (m, 2H), 2.68–
2.49 (m, 4H), 2.07 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=205.3,
173.5, 162.0, 153.8, 143.2–141.1, 137.3, 128.8–127.6, 125.1, 124.7, 120.1,
119.2, 92.6, 91.7, 73.7, 71.4, 71.2, 70.6, 70.2, 67.8, 53.9, 46.7, 37.8, 29.6,
28.0 ppm; HRMS (MALDI): m/z calcd for C43H38N2O10Cl3F3Na: 927.1442
[M+Na]+ ; found: 927.1435.


31: FmocCl (1.14 g, 4.41 mmol) and pyridine (2.8 mL, 34.6 mmol) were
added to a solution of 30 (1.91 g, 3.35 mmol) in CH2Cl2 (15 mL), and the
mixture was stirred for 2 h at room temperature under an atmosphere of
nitrogen. After completion of the reaction, the mixture was diluted with
CH2Cl2, and the organic layer was washed with 10% citric acid and
brine, dried over Na2SO4, filtered, and concentrated. Purification by flash
silica-gel column chromatography (hexanes/EtOAc=10:1–4:1) gave
ACHTUNGTRENNUNGphenylthio-1-deoxy-2,3-di-O-benzoyl-6-O-benzyl-4-O-(9-fluorenylmeth-
ACHTUNGTRENNUNGyl)oxycarbonyl-b-d-glucopyranoside (31; 2.48 g, 3.13 mmol, 94%). [a]23D =


+40 (c=1.29, chloroform); 1H NMR (300 MHz, CDCl3): d=7.99 (d, J=


7.5 Hz, 2H), 7.87 (d, J=7.5 Hz, 2H), 7.73–7.16 (m, 24H), 5.81 (t, J=


9.3 Hz, 1H, 3-H), 5.47 (t, J=9.6 Hz, 1H, 2-H), 5.21 (t, J=9.6 Hz, 1H, 4-
H), 5.00 (d, J=9.9 Hz, 1H), 4.63 (d, J=12.3 Hz, 1H), 4.57 (d, J=


12.3 Hz, 1H), 4.25 (dd, J=7.2, 10.2 Hz, 1H), 4.11 (dd, J=7.2, 10.2 Hz,
1H), 4.02–4.00 (m, 2H), 3.79–3.77 ppm (m, 2H, 6-H); 13C NMR
(75 MHz, CDCl3): d=165.5, 164.9, 154.0, 143.1, 142.8, 141.1, 141.0, 132.7–
127.0, 124.9, 119.9, 86.3, 77.4, 74.4, 73.7, 73.2, 70.5, 70.4, 69.0, 46.5 ppm;
elemental analysis: calcd (%) for C48H38O9S: C 72.90, H 4.84; found: C
72.88, H 5.12.


32 : NBS (671 mg, 3.77 mmol) and DAST (500 mL, 3.79 mmol) were
added to a solution of 31 (2.48 g, 3.13 mmol) in CH2Cl2 (20 mL) at 0 8C.
After stirring for 2.5 h at 4 8C under argon atmosphere, the mixture was
diluted with CH2Cl2 and washed with aqueous NaHCO3. The aqueous
phase was extracted with CH2Cl2, and the combined organic layers were
washed with brine, dried over Na2SO4, filtered, and concentrated. Purifi-
cation by flash silica-gel column chromatography (hexanes/EtOAc=8:1–
4:1) gave 2,3-di-O-benzoyl-6-O-benzyl-4-O-(9-fluorenylmethyl)oxycar-
bonyl-d-glucopyranosyl fluoride (32 ; 1.76 g, 2.50 mmol, 80%; a/b=


1.8:1). 32(a): [a]23D =++75 (c=1.93, chloroform); 1H NMR (300 MHz,
CDCl3): d =8.03–7.92 (m, 4H), 7.74–7.70 (m, 2H), 7.57–7.17 (m, 26H),
6.10 (t, J=10.2 Hz, 1H), 6.02 (dd, 3JH,H=2.8 Hz, 2JF,H=51.4 Hz, 1H), 5.45
(t, J=9.9 Hz, 1H), 5.35 (ddd, 3JH,H=2.8, 10.5 Hz, 3JF,H=23.9 Hz, 1H),
4.64 (d, J=12.1 Hz, 1H), 4.55 (d, J=12.1 Hz, 1H), 4.42–4.40 (m, 1H),
4.27 (dd, J=7.1, 10.4 Hz, 1H), 3.95 (dd, J=7.4, 7.4 Hz, 1H), 3.77–
3.75 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=165.5, 153.9, 143.1,
142.7, 141.1, 137.3, 133.6, 133.3, 129.9, 129.8, 128.7, 128.4, 128.3, 127.8,
127.7, 127.0, 125.1, 124.8, 119.8, 103.9 (1JC,F=230 Hz), 73.6, 71.7, 71.3,
70.9, 70.8, 70.3, 69.9, 67.4, 46.3 ppm; HRMS (MALDI): m/z calcd for
C42H35O9FK: 741.1902 [M+K]+ ; found: 741.1903.


8 : Compounds 32 (1.75 g, 2.50 mmol) and 33 (392 mg, 1.95 mmol) were
coevaporated with toluene and dried under reduced pressure. The mix-
ture was dissolved in toluene (23 mL), and 4-J molecular sieves (2.1 g)
were added. After stirring for 10 min at room temperature under argon
atmosphere, AgOTf (857 mg, 3.34 mmol) and [Cp2HfCl2] (618 mg,
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1.66 mmol) were added. After stirring for 16 h at 50 8C, the mixture was
cooled to room temperature and filtered through celite. The filtrate was
then washed with aqueous NaHCO3. The aqueous phase was extracted
with EtOAc, and the combined organic layers were washed with brine,
dried over Na2SO4, filtered, and concentrated. Purification by flash silica-
gel column chromatography (hexanes/EtOAc=4:1–3:2) gave allyloxycar-
bonylaminohexyl 2,3-di-O-benzoyl-6-O-benzyl-4-O-(9-fluorenylmethyl)-
ACHTUNGTRENNUNGoxycarbonyl-b-d-glucopyranoside (8 ; 1.37 g, 1.55 mmol, 80%). [a]23D =


+24 (c=1.43, chloroform); 1H NMR (300 MHz, CDCl3): d=7.99–7.68
(m, 4H), 7.55–7.49 (m, 2H), 7.46–7.15 (m, 17H), 5.93–5.91 (m, 1H,
CH2CH=CH2), 5.78 (t, J=9.6 Hz, 1H, 3-H), 5.45 (t, J=7.8, 9.9 Hz, 1H,
2-H), 5.34–5.18 (m, 3H, 4-H, CH2CH=CH2), 4.72 (d, J=7.7 Hz, 1H,
1-H), 4.64–4.54 (m, 5H), 4.23 (dd, J=7.4, 10.4 Hz, 1H), 4.07 (dd, J=7.7,
10.4 Hz, 1H), 3.97–3.89 (m, 4H), 3.76–3.73 (m, 2H, 6-H), 3.52–3.51 (m,
1H), 3.01–2.99 (m, 2H), 1.63–1.18 ppm (m, 8H); 13C NMR (75 MHz,
CDCl3): d =165.7, 164.9, 156.1, 154.0, 143.1, 142.8, 141.0, 141.0, 137.7,
133.2, 133.1, 133.0, 129.8–127.6, 125.1, 124.9, 119.8, 117.5, 101.1, 73.6,
73.5, 73.0, 71.7, 70.2, 70.0, 68.8, 65.3, 46.3, 40.7, 29.6, 29.1, 26.1, 25.4 ppm;
elemental analysis: calcd (%) for C52H53NO12: C 70.65, H 6.04, N 1.58;
found: C 70.67, H 6.13, N 1.55.


34 : Et3N (5 mL) was added to a solution of 8 (785 mg, 0.888 mmol) in
THF (20 mL). After stirring at room temperature for 3.5 h, the reaction
mixture was concentrated and purified by flash silica-gel column chroma-
tography (hexanes/EtOAc=3:1–3:2) to afford allyloxycarbonylaminohex-
yl 2,3-di-O-benzoyl-6-O-benzyl-b-d-glucopyranoside (34 ; 569 mg,
0.860 mmol, 97%). [a]23D =++38 (c=0.79, chloroform); 1H NMR
(300 MHz, CDCl3): d=7.99–7.94 (m, 4H), 7.53–7.27 (m, 11H), 5.90–5.89
(m, 1H, CH2CH=CH2), 5.45–5.43 (m, 2H, 2-H, 3-H), 4.67–4.53 (m, 6H),
3.98–3.85 (m, 5H), 3.71–3.69 (m, 1H), 3.50–3.48 (m, 1H), 3.35–3.33 (m,
2H), 3.00–2.98 (m, 2H), 1.53–1.16 (m, 8H); 13C NMR (75 MHz, CDCl3):
d=167.0, 165.1, 156.0, 137.6, 133.3, 133.1, 133.0, 129.9–127.7, 117.5, 101.1,
74.6, 73.8, 71.6, 71.2, 70.1, 70.0, 65.4, 40.9, 29.8, 29.3, 26.3, 25.6 ppm; ele-
mental analysis: calcd (%) for C37H43NO10: C 67.16, H 6.55, N 2.12;
found: C 66.98, H 6.68, N 2.15.


36 : TMSOTf (5 mL, 0.03 mmol) was added to a solution of 9 (218 mg,
0.254 mmol) and 34 (113 mg, 0.171 mmol) in CH2Cl2 (4 mL) at 4 8C.
After stirring for 1 h at 4 8C under argon atmosphere, the mixture was
neutralized by a few drops of Et3N and diluted with CH2Cl2. The organic
phase was washed with aqueous NaHCO3 and brine, dried over Na2SO4,
filtered, and concentrated. Purification by flash silica-gel column chroma-
tography (hexanes/EtOAc=4:1–2:1) gave allyloxycarbonylaminohexyl-2-
O-benzoyl-4,6-di-O-benzyl-3-(9-fluorenylmethyl)oxycarbonyl-b-d-galac-
topyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glycopyranoside
(35 ; 207 mg, 0.156 mmol, 91%). Et3N (3 mL) was added to a solution of
35 (892 mg, 0.671 mmol) in THF (12 mL), and the mixture was stirred for
3 h. Concentration and purification by flash silica-gel column chromatog-
raphy (hexanes/EtOAc=3:1–3:2) afforded allyloxycarbonylaminohexyl
2-O-benzoyl-4,6-di-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-O-ben-
zoyl-6-O-benzyl-b-d-glucopyranoside (36 ; 612 mg, 0.552 mmol, 82%).
[a]23D =++8.2 (c=1.53, chloroform); 1H NMR (300 MHz, CDCl3): d=7.97–
7.92 (m, 6H), 7.58–7.18 (m, 24H), 5.93–5.91 (m, 1H, CH2CH=CH2), 5.60
(t, J=9.6 Hz, 1H), 5.35 (dd, J=8.1, 10.0 Hz, 1H), 5.32–5.17 (m, 2H),
5.11 (dd, J=7.8, 10.0 Hz, 1H), 4.62–4.51 (m, 8H), 4.36 (d, J=12.1 Hz,
1H), 4.14–3.87 (m, 3H), 3.86–3.84 (m, 1H), 3.74–3.69 (m, 2H), 3.61 (dd,
J=1.6, 10.9 Hz, 1H), 3.56–3.48 (m, 3H), 3.45–3.43 (m, 1H), 3.33–3.31 (m,
1H), 2.98–2.96 (m, 3H), 2.85 (t, J=9.0 Hz, 1H), 2.21 (d, J=10.6 Hz,
1H), 1.49–1.13 ppm (m, 8H); 13C NMR (75 MHz, CDCl3): d=166.0,
165.1, 165.1, 156.0, 138.1, 137.6, 133.1, 133.0, 132.5, 130.3, 129.8, 129.7,
129.5, 128.4–127.5, 117.5, 101.0, 100.5, 76.6, 75.6, 75.1, 74.7, 74.3, 73.6,
73.5, 73.1, 72.9, 72.7, 72.0, 69.9, 67.8, 66.9, 65.4, 40.9, 29.8, 29.3, 26.3,
25.6 ppm; HRMS (MALDI): m/z calcd for C64H69NO16Na: 1130.4514
[M+Na]+ ; found: 1130.4494.


4 : TMSOTf (12 mL, 0.06 mmol) was added to a solution of 10 (559 mg,
0.617 mmol) and 36 (486 mg, 0.439 mmol) in CH2Cl2 (15 mL) at 4 8C.
After stirring for 50 min at 4 8C under argon atmosphere, the mixture
was neutralized with a few drops of Et3N and diluted with CH2Cl2. The
organic phase was washed with aqueous NaHCO3, the aqueous phase
was extracted with CH2Cl2, and the combined organic layers were


washed with brine, dried over Na2SO4, filtered, and concentrated. The
crude trisaccharide was then dissolved in THF (12 mL), and Et3N (3 mL)
was added. After stirring for 3 h, the mixture was concentrated and puri-
fied by silica-gel column chromatography (hexanes/EtOAc=1:1–1:2) to
give allyloxycarbonylaminohexyl 2-deoxy-6-O-benzyl-3-O-levulinoyl-2-
trichloroacetamidyl-b-d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-ben-
ACHTUNGTRENNUNGzyl-b-d-galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-gluco-
pyranoside (4 ; 488 mg, 0.071 mmol, 69%). [a]23D =�10.7 (c=1.48, chloro-
form); 1H NMR (300 MHz, CDCl3): d =7.93–7.82 (m, 6H), 7.61–7.12 (m,
29H), 6.35 (d, J=9.1 Hz, 1H, NH), 5.93–5.91 (m, 1H), 5.54 (t, J=9.6 Hz,
1H), 5.38 (dd, J=7.7, 9.3 Hz, 1H), 5.34–5.18 (m, 2H), 4.86 (d, J=


11.8 Hz, 1H), 4.80 (dd, J=8.8, 10.7 Hz, 1H), 4.59–4.44 (m, 9H), 4.38 (d,
J=11.7 Hz, 1H), 4.28 (d, J=12.6 Hz, 1H), 4.13–4.02 (m, 3H), 3.88–3.25
(m, 15H), 2.96–2.72 (m, 7H), 2.54–2.35 (m, 2H), 2.14 (s, 3H), 1.45–
1.12 ppm (m, 6H); 13C NMR (75 MHz, CDCl3): d=207.7, 172.8, 165.1,
164.3, 161.9, 156.0, 138.9, 138.1, 137.9, 137.6, 133.5, 132.9, 132.3, 130.4,
129.7–127.0, 117.5, 100.9, 100.6, 100.5, 91.9, 78.4, 77.3, 75.7, 75.2, 75.0,
75.0, 74.8, 74.6, 73.7, 73.4, 73.1, 72.9, 72.0, 70.0, 69.8, 69.7, 67.5, 67.2, 65.4,
55.6, 40.9, 38.4, 29.9, 29.7, 29.3, 28.2, 26.3, 25.6 ppm; HRMS (MALDI):
m/z calcd for C84H91N2O23Cl3K: 1639.4715 [M+K]+ ; found: 1639.4709.


5 : Ac2O (1.5 mL) was added to a solution of 4 (159 mg, 0.099 mmol) in
pyridine (3 mL), and the mixture was stirred for 16 h at room tempera-
ture under nitrogen atmosphere. The mixture was concentrated, coevapo-
rated with toluene, and dried under reduced pressure. The dried crude
material was dissolved in DMF (3 mL), and hydrazine acetate (14.0 mg,
0.152 mmol) was added. After stirring for 19 h at room temperature, the
mixture was diluted with EtOAc, and the organic phase was washed with
10% citric acid. The aqueous phase was extracted with EtOAc, and the
combined organic layers were washed with brine, dried over Na2SO4, fil-
tered, and concentrated. Purification by flash silica-gel column chroma-
tography (hexanes/EtOAc=2:1–1:1) gave allyloxycarbonylaminohexyl 2-
deoxy-4-O-acetyl-6-O-benzyl-2-trichloroacetamidyl-b-d-glucopyranosyl-
(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-
O-benzoyl-6-O-benzyl-b-d-glucopyranoside (5 ; 146 mg, 0.094 mmol,
95%). [a]22D =�1.8 (c=1.97, chloroform); 1H NMR (300 MHz, CDCl3):
d=7.90–7.83 (m, 6H), 7.57–7.13 (m, 29H), 6.83 (d, J=6.2 Hz, 1H, NH),
5.92–5.90 (m, 1H), 5.55 (t, J=10.0 Hz, 1H), 5.39 (dd, J=7.8, 10.0 Hz,
1H), 5.34–5.18 (m, 3H), 4.81 (t, J=8.7 Hz, 1H), 4.76 (d, J=11.8 Hz,
1H), 4.61–4.37 (m, 9H), 4.28 (d, J=12.5 Hz, 1H), 4.08–4.05 (m, 4H),
3.90–3.33 (m, 14H), 3.18 (d, J=5.9 Hz, 1H), 2.98–2.88 (m, 2H), 2.80 (t,
J=8.7 Hz, 1H), 1.96 (s, 3H), 1.44–1.12 ppm (m, 8H); 13C NMR (75 MHz,
CDCl3): d =170.4, 165.1, 164.9, 163.2, 162.4, 156.0, 138.8, 138.1, 137.8,
137.4, 133.4, 132.9, 132.4, 130.3–126.9, 117.5, 100.9, 100.4, 99.5, 91.8, 78.4,
77.3, 75.8, 75.0, 74.8, 74.6, 73.6, 73.4, 73.2, 73.1, 72.8, 72.1, 72.0, 69.8, 69.2,
67.5, 67.1, 65.4, 60.5, 59.7, 40.9, 36.6, 29.7, 29.3, 26.3, 25.6, 21.2, 20.9,
14.4 ppm; HRMS (MALDI): m/z calcd for C81H87N2O22Cl3K: 1583.4453
[M+K]+ ; found: 1583.4437.


37a : TMSOTf (1.0 mL, 5.2 mmol) was added to a solution of 4 (51 mg,
0.032 mmol) and 6 (50 mg, 0.041 mmol) in CH2Cl2 (1.2 mL) at 0 8C, and
the mixture was stirred for 1 h at 0 8C under argon atmosphere. After di-
lution with CH2Cl2 and washing with aqueous NaHCO3, the aqueous
phase was extracted with CH2Cl2, and the combined organic layers were
washed with brine, dried over Na2SO4, filtered, and concentrated. Purifi-
cation by flash silica-gel column chromatography (hexanes/EtOAc=3:2–
1:1) gave allyloxycarbonylaminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-
dideoxy-5-trichloroethoxycarbonylamino-d-glycero-a-d-galacto-2-nonulo-
pyranosylonate)-(2!6)-4-O-acetyl-2,3-di-O-benzoyl-b-d-galactopyrano-
syl-(1!4)-2-deoxy-6-O-benzyl-3-O-levulinoyl-2-trichloroacetamidyl-b-d-
glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-galactopyrano-
syl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glucopyranoside (37a ; 76 mg,
0.029 mmol, 90%). [a]23D =�1.6 (c=0.82, chloroform); 1H NMR
(300 MHz, CDCl3): d =7.92–7.80 (m, 9H), 7.57–7.07 (m, 38H), 6.40 (d,
J=9.1 Hz, 1H), 5.91–5.89 (m, 1H), 5.63 (d, J=3.0 Hz, 1H), 5.53 (t, J=


9.3 Hz, 1H), 5.46 (dd, J=7.8, 10.4 Hz, 1H), 5.34–5.17 (m, 7H), 5.02–4.86
(m, 5H), 4.76 (d, J=7.7 Hz, 1H), 4.54–3.23 (m, 42H), 3.79 (s, 3H), 2.96
(br s, 2H), 2.89–2.87 (m, 1H), 2.80 (t, J=8.8 Hz, 1H), 2.68–2.52 (m, 5H),
2.17 (s, 3H), 2.14 (s, 3H), 2.10 (s, 1H), 2.05 (s, 1H), 2.00 (s, 3H), 1.99 (s,
3H), 1.86 (t, J=12.6 Hz, 1H), 1.41 (br s, 2H), 1.25–1.10 ppm (m, 6H);
13C NMR (75 MHz, CDCl3): d=205.7, 172.4, 170.5, 170.2, 170.2, 169.5,
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169.4, 167.3, 165.1, 165.0, 164.6, 164.1, 161.7, 153.8, 138.8, 138.0, 137.8,
137.6, 133.3, 132.8, 132.2, 130.3–127.0, 117.4, 100.7, 100.4, 98.9, 95.3, 91.8,
78.8–71.5, 69.8, 69.7, 65.7, 63.3, 62.6, 62.4, 56.0, 53.0, 51.5, 56.0, 53.1, 51.5,
40.8, 37.8, 29.7–25.5, 20.9, 20.6 ppm; HRMS (MALDI): m/z calcd for
C127H137N3O44Cl6Na: 2640.6598 [M+Na]+ ; found: 2640.6651.


38a : Toluenesulfinic acid sodium salt (8 mg, 0.046 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4]
(2 mg, 18 mmol) were added to a solution of 37a (49 mg, 0.019 mmol) in
degassed THF/MeOH (2:1, 3 mL), and the mixture was stirred for 1 h at
room temperature under argon atmosphere. After deprotection, CbzOSu
(10 mg, 0.04 mmol) and Et3N (11 mL, 0.08 mmol) were added. The mix-
ture was stirred for another 3 h and concentrated. Purification by prepa-
rative TLC (toluene/acetone=3:1) gave benzyloxycarbonylaminohexyl
(methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroethoxycarbonylami-
no-d-glycero-a-d-galacto-2-nonulopyranosylonate)-(2!6)-4-O-acetyl-2,3-
di-O-benzoyl-b-d-galactopyranosyl-(1!4)-2-deoxy-6-O-benzyl-3-O-levu-
linoyl-2-trichloroacetamidyl-b-d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-
di-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-
d-glucopyranoside (38a ; 40 mg, 0.015 mmol, 80%). [a]23D =�1.8 (c=0.3,
chloroform); 1H NMR (300 MHz, CDCl3): d=7.91–7.80 (m, 7H), 7.61–
6.91 (m, 38H), 6.37 (d, J=9.1 Hz, 1H), 5.65–5.63 (m, 1H), 5.53 (t, J=


9.3 Hz, 1H), 5.46 (dd, J=7.7, 10.2 Hz, 1H), 5.38–5.25 (m, 4H), 5.07–4.83
(m, 6H), 4.76 (d, J=7.7 Hz, 1H), 4.56–3.26 (m, 28H), 3.79 (s, 3H), 3.00–
2.97 (m, 2H), 2.91–2.87 (m, 1H), 2.80 (t, J=8.8 Hz, 1H), 2.67–2.55 (m,
4H), 2.17 (s, 3H), 2.14 (s, 3H), 2.10 (s, 3H), 2.00 (s, 6H), 1.99 (s, 6H),
1.86 (t, J=12.6 Hz, 1H), 1.43–1.40 (m, 2H), 1.10 ppm (br s, 6H); HRMS
(MALDI): m/z calcd for C128H135N3O43Cl6Na: 2634.6498 [M+Na]+ ;
found: 2634.6716.


39a : Compound 38a (40 mg, 0.015 mmol) was dissolved in DMF (1 mL),
and hydrazine acetate (4 mg, 0.046 mmol) was added. After stirring for
8 h, the mixture was diluted with EtOAc, and the organic phase was
washed with 10% citric acid and brine, dried over Na2SO4, filtered, and
concentrated. The crude product was dissolved in AcOH (2 mL), and Zn/
Cu couple (400 mg) was added. After stirring for 2 days at 45 8C, the mix-
ture was cooled to room temperature, filtered through celite, and concen-
trated. The residue was redissolved in pyridine (3 mL), and Ac2O
(1.5 mL) was added. After stirring for 13 h, the mixture was concentrated
and coevaporated with toluene. The precipitate was dissolved again in
EtOAc and washed with 10% citric acid, H2O, aqueous NaHCO3, and
brine. After drying over Na2SO4, filtration, and concentration, purifica-
tion by preparative TLC (toluene/EtOAc=1:6) gave benzyloxycarbonyl-
ACHTUNGTRENNUNGaminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-acetamidyl-d-
glycero-a-d-galacto-2-nonulopyranosylonate)-(2!6)-4-O-acetyl-2,3-di-O-
benzoyl-b-d-galactopyranosyl-(1!4)-2-deoxy-6-O-benzyl-3-O-acetyl-2-
acetamidyl-b-d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-
galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glucopyrano-
side (39a ; 18 mg, 0.008 mmol, 55%).


1a : Compound 39a (18 mg, 0.008 mmol) was dissolved in sodium meth-
oxide in methanol (0.05m, 3 mL). After stirring for 1 day at room temper-
ature under an atmosphere of nitrogen, water (0.3 mL) was added, and
the mixture was stirred for another 16 h. Next, the mixture was neutral-
ized with Amberlite IR-120 resin and filtered to remove the resin. The
filtrate was concentrated and dried under reduced pressure. The crude
residue was dissolved in methanol (1.5 mL) and water (0.5 mL) before
the addition of 20% Pd(OH)2/C (9 mg) and a few drops of acetic acid.
The mixture was stirred for 1 day at room temperature under an atmos-
phere of hydrogen. The catalyst was removed by filtration, and the fil-
trate was concentrated. Purification by size-exclusion chromatography
(Sephadex G-15, H2O) with a SepPak C-18 cartridge (MeOH/H2O=


0:100–10:90) yielded aminohexyl (3,5-dideoxy-5-acetamidyl-d-glycero-a-
d-galacto-2- nonulopyranosylonate)-(2!6)-b-d-galactopyranosyl-(1!4)-
2-deoxy-2-acetamidyl-b-d-glucopyranosyl-(1!3)-b-d-galactopyranosyl-
(1!4)-b-d-glucopyranoside (1a ; 4 mg, 0.004 mmol, 45%). [a]23D =�15
(c=0.16, H2O); 1H NMR (300 MHz, D2O): d=4.80 (1H, overlapped
with HOD), 4.48 (d, J=8.1 Hz, 1H), 4.46 (d, J=8.1 Hz, 1H), 4.43 (d, J=


7.8 Hz, 1H), 4.16 (d, J=3.1 Hz, 1H), 4.03–3.50 (m, 24H), 3.34–3.30 (m,
1H), 2.98 (t, J=7.5 Hz, 2H), 2.66 (dd, J=4.4, 12.5 Hz, 1H), 2.05 (s, 3H),
2.03 (s, 3H), 1.72 (t, J=12.1 Hz, 1H), 1.66–1.64 (m, 4H), 1.46–1.41 ppm


(m, 4H); HRMS (ESI): m/z calcd for C43H75N3O29Na: 1120.4379 [M+


Na]+ ; found: 1120.4391.


37b : TMSOTf (1.0 mL, 5.2 mmol) was added to a solution of 4 (55 mg,
0.034 mmol) and 7 (67 mg, 0.053 mmol) in CH2Cl2 (1.5 mL) at 0 8C, and
the mixture was stirred for 1 h at 0 8C under argon atmosphere. Next, the
reaction mixture was diluted with CH2Cl2 and washed with aqueous
NaHCO3 before the aqueous phase was extracted with CH2Cl2. The com-
bined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated. Purification by flash silica-gel column chromatography
(toluene/EtOAc=3:1–3:2) gave allyloxycarbonylaminohexyl (methyl
4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroethoxycarbonylamino-d-
glyc ACHTUNGTRENNUNGero-a-d-galacto-2-nonulopyranosylonate)-(2!3)-4,6-di-O-acetyl-2-O-
benzoyl-b-d-galactopyranosyl-(1!4)-2-deoxy-6-O-benzyl-3-O-levulinoyl-
2-trichloroacetamidyl-b-d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-
benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glu-
copyranoside (37b ; 78 mg, 0.030 mmol, 89%). [a]22D =++11 (c=0.39,
chloroform); 1H NMR (300 MHz, CDCl3): d=8.26–8.24 (m, 2H), 8.07–
7.79 (m, 7H), 7.62–7.10 (m, 32H), 6.32 (d, J=9.0 Hz, 1H), 5.92–5.90 (m,
1H), 5.71–5.69 (m, 1H), 5.51 (t, J=10.0 Hz, 1H), 5.37–5.16 (m, 5H), 5.02
(t, J=7.2 Hz, 1H), 4.99–4.76 (m, 4H), 4.61–3.23 (m, H), 3.78 (s, 3H),
2.98–2.96 (m, 2H), 2.87–2.82 (m, 1H), 2.80 (t, J=8.5 Hz, 1H), 2.76–2.46
(m, 4H), 2.12–1.84 (m, 22H), 1.44 (br s, 2H), 1.26 ppm (br s, 6H);
HRMS (MALDI): m/z calcd for C132H139N3O44Cl6Na: 2702.7 [M+Na]+ ;
found: 2702.6.


38b : Toluenesulfinic acid sodium salt (4 mg, 0.024 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4]
(1 mg, 9.5 mmol) were added to a solution of 37b (33 mg, 0.013 mmol) in
degassed THF/MeOH (2:1, 1.5 mL), and the mixture was stirred for 1 h
at room temperature under argon atmosphere. After deprotection,
CbzOSu (10 mg, 0.04 mmol) and Et3N (11 mL, 0.08 mmol) were added.
The mixture was stirred for another 3 h and concentrated. Purification
with preparative TLC (toluene/EtOAc=3:2) gave benzyloxycarbonyl-
aminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroethoxy-
carbonylamino-d-glycero-a-d-galacto-2-nonulopyranosylonate)-(2!3)-
4,6-di-O-acetyl-2-O-benzoyl-b-d-galactopyranosyl-(1!4)-2-deoxy-3-O-
acetyl-6-O-benzyl-2-trichloroacetamidyl-b-d-glucopyranosyl-(1!3)-2-O-
benzoyl-4,6-di-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-
O-benzyl-b-d-glucopyranoside (38b ; 28 mg, 0.011 mmol, 85%). [a]23D =


�7.3 (c=0.43, chloroform); 1H NMR (300 MHz, CDCl3): d=7.92–7.80
(m, 7H), 7.60–7.10 (m, 32H), 6.36 (d, J=9.3 Hz, 1H), 5.91–5.89 (m, 1H),
5.62–5.60 (m, 1H), 5.53 (t, J=9.7 Hz, 1H), 5.42–5.15 (m, 7H), 5.10 (dd,
J=7.8, 10.3 Hz, 1H), 4.94–4.75 (m, 5H), 4.69 (d, J=7.8 Hz, 1H), 4.57–
3.28 (m, overlapped), 3.65 (s, 3H), 2.98–2.96 (m, 2H), 2.85–2.84 (m, 2H),
2.66 (dd, J=4.7, 12.8 Hz, 1H), 2.52–2.31 (m, 4H), 2.12 (s, 3H), 2.05 (s,
3H), 2.04 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.91 (s, 3H), 1.79 (t, J=


10.9 Hz, 1H), 1.41 (br s, 2H), 1.11 ppm (br s, 6H); HRMS (MALDI):
m/z calcd for C127H141Cl6N3O42Na: 2616.7017 [M+Na]+ ; found:
2616.7101.


39b : Compound 38b (28 mg, 0.011 mmol) was dissolved in DMF (1 mL),
and hydrazine acetate (3 mg, 0.027 mmol) was added. After stirring for
8 h, the mixture was diluted with EtOAc, and the organic phase was
washed with 10% citric acid and brine, dried over Na2SO4, filtered, and
concentrated. The crude product was dissolved in AcOH (2 mL), and Zn/
Cu couple (280 mg) was added. After stirring for 2 days at 45 8C, the mix-
ture was cooled to room temperature, filtered through celite, and concen-
trated. The residue was redissolved in pyridine (3 mL), and Ac2O (2 mL)
was added. The mixture was stirred for 13 h, concentrated, and coevapo-
rated with toluene. The precipitate was dissolved again in EtOAc and
washed with 10% citric acid, brine, aqueous NaHCO3, and brine. After
drying over Na2SO4, filtration, and concentration, purification with prep-
arative TLC (toluene/EtOAc=1:6) gave benzyloxycarbonylaminohexyl
(methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-acetamidyl-d-glycero-a-d-
galacto-2-nonulopyranosylonate)-(2!3)-4,6-di-O-acetyl-2-O-benzoyl-b-
d-galactopyranosyl-(1!4)-2-deoxy-3-O-acetyl-6-O-benzyl-2-trichloro-
ACHTUNGTRENNUNGacetamidyl-b-d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-
galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glucopyrano-
side (39b ; 12 mg, 0.0051 mmol, 40%).


1b : Compound 39b (12 mg, 0.0051 mmol) was dissolved in a solution of
sodium methoxide in methanol (0.05m, 3 mL). After stirring for 1 day at
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room temperature under nitrogen atmosphere, water (0.3 mL) was
added, and the mixture was stirred for another 16 h. Next, the mixture
was neutralized with Amberlite IR-120 resin and filtered to remove the
resin. The filtrate was concentrated and dried under reduced pressure.
The deacylated pellet was dissolved in methanol and water (1.5 mL/
0.5 mL) before Pd(OH)2/C (7 mg) and a few drops of AcOH were added.
The mixture was stirred for 1 day at room temperature under an atmos-
phere of hydrogen. The catalyst was then removed by filtration, and the
filtrate was concentrated. Purification by size-exclusion chromatography
(Sephadex G-15, H2O) with a SepPak C-18 cartridge (MeOH/H2O=


0:100–10:90) furnished aminohexyl (3,5-dideoxy-5-acetamidyl-d-glycero-
a-d-galacto-2-nonulopyranosylonate)-(2!3)-b-d-galactopyranosyl-(1!
4)-2-deoxy-2-acetamidyl-b-d-glucopyranosyl-(1!3)-b-d-galactopyranosyl-
(1!4)-b-d-glucopyranoside (1b ; 3 mg, 58%). [a]23D =�9.2 (c=0.16,
chloroform); 1H NMR (300 MHz, D2O): d=4.68 (d, J=8.4 Hz, 1H), 4.54
(d, J=7.8 Hz, 1H), 4.46 (d, J=8.1 Hz, 1H), 4.41 (d, J=7.8 Hz, 1H), 4.13
(d, J=2.8 Hz, 1H), 4.09 (dd, J=3.1, 9.7 Hz, 1H), 3.98–3.51 (m, 23H),
3.29–3.27 (m, 1H), 2.94 (t, J=7.2 Hz, 2H), 2.01 (s, 6H), 1.78 (t, J=


12.5 Hz, 1H), 1.65–1.62 (m, 4H), 1.40–1.38 ppm (m, 4H); HRMS (ESI):
m/z calcd for C43H75N3O29Na: 1120.4379 [M+Na]+ ; found: 1120.4387.


40a : TMSOTf (1 mL, 5.2 mmol) was added to a solution of 4 (48 mg,
0.031 mmol) and 6 (49 mg, 0.041 mmol) in CH2Cl2 (1.5 mL) at 0 8C, and
the mixture was stirred for 1 h at 0 8C under argon atmosphere. After di-
lution with CH2Cl2 and washing with aqueous NaHCO3, the aqueous
phase was extracted with CH2Cl2, and the combined organic layers were
washed with brine, dried over Na2SO4, filtered, concentrated, and puri-
fied by flash silica-gel column chromatography (hexanes/EtOAc=3:2–
1:1) to give allyloxycarbonylaminohexyl (methyl 4,7,8,9-tetra-O-acetyl-
3,5-dideoxy-5-trichloroethoxycarbonylamino-d-glycero-a-d-galacto-2-
nonulopyranosylonate)-(2!6)-4-O-acetyl-2,3-di-O-benzoyl-b-d-galacto-
pyranosyl-(1!3)-2-deoxy-4-O-acetyl-6-O-benzyl-2-trichloroacetamidyl-b-
d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-galactopyrano-
syl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glucopyranoside (40a ; 75 mg,
0.028 mmol, 94%). [a]22D =++2.1 (c=0.62, chloroform); 1H NMR
(300 MHz, CDCl3): d =7.92–7.76 (m, 9H), 7.60–7.07 (m, 36H), 6.75 (d,
J=6.8 Hz, 1H), 5.92–5.90 (m, 1H), 5.53–5.46 (m, 3H), 5.40–5.16 (m,
8H), 4.95–4.60 (m, 6H), 4.58–3.17 (m, 42H), 3.71 (s, 3H), 2.96 (br s, 2H),
2.73 (t, J=9.0 Hz, 1H), 2.60 (dd, J=4.7, 13.1 Hz, 1H), 2.20–1.95 (m,
18H), 1.70–1.40 ppm (m, 9H); 13C NMR (75 MHz, CDCl3): d=170.5,
170.1, 169.7, 169.5, 169.3, 167.5, 165.3, 165.0, 164.3, 161.3, 153.8, 138.9,
137.9, 137.5, 132.9–132.2, 129.5–127.1, 117.4, 100.8, 99.1, 98.7, 95.4, 91.9,
77.2, 74.4–71.6, 69.5–67.1, 65.4, 62.2, 59.4, 53.0, 51.6, 40.8, 29.7, 29.2, 26.3,
25.5, 21.0–20.6 ppm; HRMS (MALDI): m/z calcd for
C124H133N3O43Cl6Na: 2586.6336 [M+Na]+ ; found: 2586.6301.


41a : Toluenesulfinic acid sodium salt (12.5 mg, 0.0702 mmol) and [Pd-
ACHTUNGTRENNUNG(PPh3)4] (2.4 mg, 21 mmol) were added to a solution of 40a (62 mg,
0.025 mmol) in degassed THF/MeOH (2:1, 1.5 mL), and the mixture was
stirred for 1 h at room temperature under argon atmosphere. After de-
protection, CbzOSu (18.1 mg, 0.073 mmol) and Et3N (22 mL, 0.13 mmol)
were added. The mixture was stirred for another 3 h and concentrated.
Purification with preparative TLC (toluene/EtOAc=3:2) gave benzylox-
ycarbonylaminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-tri-
chloroethoxycarbonylamino-d-glycero-a-d-galacto-2-nonulopyranosylo-
nate)-(2!6)-4-O-acetyl-2,3-di-O-benzoyl-b-d-galactopyranosyl-(1!3)-2-
deoxy-4-O-acetyl-6-O-benzyl-2-trichloroacetamidyl-b-d-glucopyranosyl-
(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-
O-benzoyl-6-O-benzyl-b-d-glucopyranoside (41a ; 59.2 mg, 0.0226 mmol,
74%). [a]23D =++2.5 (c=0.37, chloroform); 1H NMR (300 MHz) 7.95–7.50
(m, 10H), 7.55–7.10 (m, 40H), 6.73 (d, J=6.8 Hz, 1H), 5.55–5.52 (m,
1H), 5.49 (t, J=8.4 Hz, 1H), 5.39–5.24 (m, 4H), 5.18 (dd, J=3.4,
10.5 Hz, 1H), 5.09–4.84 (m, 7H), 4.78 (d, J=8.1 Hz, 1H), 4.71–3.26 (m,
30H), 3.71 (s, 3H), 2.96 (br s, 4H), 2.73 (t, J=8.7 Hz, 1H), 2.63–2.54 (m,
2H), 2.16 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.99 (s, 3H),
1.40 (br s, 2H), 1.01 ppm (br s, 6H); HRMS (MALDI): m/z calcd for
C128H135Cl6N3O43Na: 2634.6498 [M+Na]+ ; found: 2639.6578.


42a : Compound 41a (46 mg, 0.015 mmol) was dissolved in AcOH
(2 mL), and Zn/Cu couple (460 mg) was added. After stirring for 2 days
at 45 8C, the mixture was cooled to room temperature, filtered through


celite, and concentrated. The residue was redissolved in pyridine (3 mL),
and Ac2O (2 mL) was added. The mixture was stirred for 13 h, concen-
trated, and coevaporated with toluene. The precipitate was dissolved in
EtOAc and washed with 10% citric acid, brine, aqueous NaHCO3, and
brine. After drying over Na2SO4, filtration, and concentration, purifica-
tion with preparative TLC (toluene/EtOAc=1:6) gave benzyloxycarbo-
nylaminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-acetamidyl-d-
glycero-a-d-galacto-2-nonulopyranosylonate)-(2!6)-4-O-acetyl-2,3-di-O-
benzoyl-b-d-galactopyranosyl-(1!3)-2-deoxy-4-O-acetyl-6-O-benzyl-2-
acetamidyl-b-d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-
galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glucopyrano-
side (42a ; 21 mg, 0.009 mmol, 59%).


2a : Compound 41a (21 mg, 0.009 mmol) was dissolved in a solution of
sodium methoxide in methanol (0.05m, 3 mL). After stirring for 1 day at
room temperature under an atmosphere of nitrogen, water (0.3 mL) was
added, and the mixture was stirred for another 16 h. The mixture was
neutralized with Amberlite IR-120 resin and filtered to remove the resin.
The filtrate was concentrated and dried under reduced pressure. The
crude residue was dissolved in methanol (1.5 mL) and water (0.5 mL)
before addition of Pd(OH)2/C (10 mg) and a few drops of AcOH. The
mixture was stirred for 1 day at room temperature under an atmosphere
of hydrogen. The catalyst was removed by filtration, and the filtrate was
concentrated. Purification by size-exclusion chromatography (Sephadex
G-15, H2O) with a SepPak C-18 cartridge (MeOH/H2O=0:100–10:90)
gave aminohexyl (3,5-dideoxy-5-acetamidyl-d-glycero-a-d-galacto-2-non-
ulopyranosylonate)-(2!6)-b-d-galactopyranosyl-(1!3)-2-deoxy-2-acet-
amidyl-b-d-glucopyranosyl-(1!3)-b-d-galactopyranosyl-(1!4)-b-d-gluco-
pyranoside (2a ; 6 mg, 0.006 mmol, 64%). [a]23D =++3.8 (c=0.4, chloro-
form); 1H NMR (300 MHz, D2O): d=4.72 (d, J=8.7 Hz, 1H), 4.46 (d,
J=8.1 Hz, 1H), 4.42 (d, J=8.1 Hz, 1H), 4.36 (d, J=7.8 Hz, 1H), 4.14 (d,
J=2.8 Hz, 1H), 3.98–3.43 (m, 24H), 3.30–3.28 (m, 1H), 2.97 (t, J=


7.2 Hz, 1H), 2.68 (dd, J=4.1, 12.1 Hz, 1H), 2.07 (s, 6H), 1.68 (t, J=


12.6 Hz, 1H), 1.66–1.65 (m, 4H), 1.42–1.39 ppm (m, 4H); HRMS (ESI):
m/z calcd for C43H75N3O29Na: 1120.4379 [M+Na]+ ; found: 1120.4363.


40b : TMSOTf (1 mL, 5.2 mmol) was added to a solution of 5 (48 mg,
0.031 mmol) and 7 (53 mg, 0.0416 mmol) in CH2Cl2 (1.5 mL) at 0 8C, and
the mixture was stirred for 1 h at 0 8C under argon atmosphere. After di-
lution with CH2Cl2 and aqueous NaHCO3, the aqueous phase was ex-
tracted with CH2Cl2. The combined organic layers were washed with
brine, dried over Na2SO4, filtered, and concentrated. Purification by flash
silica-gel column chromatography (hexane/EtOAc=2:1–2:3) gave allyl-
ACHTUNGTRENNUNGoxycarbonylaminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-tri-
chloroethoxycarbonylamino-d-glycero-a-d-galacto-2-nonulopyranosylo-
nate)-(2!3)-4-O-acetyl-2,3-di-O-benzoyl-b-d-galactopyranosyl-(1!3)-2-
deoxy-4-O-acetyl-6-O-benzyl-2-trichloroacetamidyl-b-d-glucopyranosyl-
(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-
O-benzoyl-6-O-benzyl-b-d-glucopyranoside (40b ; 74 mg, 0.294 mmol,
94%). [a]22D =++6.8 (c=1.13, chloroform); 1H NMR (300 MHz, CDCl3):
d=8.03–8.01 (m, 2H), 7.91–7.83 (m, 6H), 7.57–7.09 (m, 34H), 6.48 (d,
J=6.8 Hz, 1H), 5.92–5.89 (m, 1H), 5.51 (t, J=9.7 Hz, 1H), 5.43–5.41 (m,
1H), 5.31–5.26 (m, 5H), 5.12 (dd, J=7.5, 10.0 Hz, 1H), 5.00–3.25 (m,
42H), 3.78 (s, 3H), 2.93–2.92 (m, 4H), 2.73 (t, J=8.7 Hz, 2H), 2.52 (dd,
J=4.7, 12.5 Hz, 1H), 2.10 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H),
2.01 (s, 3H), 1.92 (s, 3H), 1.79 (s, 3H), 1.47 (br s, 3H), 1.10 ppm (br s,
4H); 13C NMR (75 MHz, CDCl3): d =170.6, 170.4, 170.1, 170.0, 169.7,
165.1, 165.1, 164.8, 164.4, 161.3, 153.9, 139.0, 137.9, 137.8, 137.5, 133.4,
132.9, 132.3, 130.4–127.1, 117.4, 100.8, 100.6, 99.0, 98.6, 96.4, 95.1, 91.5,
78.4, 77.1, 76.2, 74.3, 73.6, 73.22, 73.20, 72.9, 72.6, 71.8, 71.7, 71.31, 71.30,
70.9, 70.2, 69.6, 69.2, 68.7, 67.2, 67.1, 66.8, 66.4, 65.2, 61.9, 61.5, 59.6, 53.1,
50.9, 40.7, 37.6, 29.5–20.2 ppm; HRMS (MALDI): m/z calcd for
C119H131Cl6N3O43Na: 2522.6180 [M+Na]+ ; found: 2522.6230.


41b : Toluenesulfinic acid sodium salt (4 mg, 0.024 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4]
(1 mg, 9.5 mmol) were added to a solution of 40b (50 mg, 0.019 mmol) in
degassed THF/MeOH (2:1, 1.5 mL), and the mixture was stirred for 1 h
at room temperature under argon atmosphere. After deprotection,
CbzOSu (10 mg, 0.041 mmol) and Et3N (11 mL, 0.079 mmol) were added.
The mixture was stirred for another 3 h and concentrated. Purification
with preparative TLC (toluene/EtOAc=3:2) gave benzyloxycarbonyl-
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aminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroethoxy-
carbonylamino-d-glycero-a-d-galacto-2-nonulopyranosylonate)-(2!3)-4-
O-acetyl-2,3-di-O-benzoyl-b-d-galactopyranosyl-(1!3)-2-deoxy-4-O-
acetyl-6-O-benzyl-2-trichloroacetamidyl-b-d-glucopyranosyl-(1!3)-2-O-
benzoyl-4,6-di-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-
O-benzyl-b-d-glucopyranoside (41b ; 41 mg, 0.0172 mmol, 81%). [a]23D =++


3.3 (c=0.55, chloroform); 1H NMR (300 MHz, CDCl3): d=8.12–8.09 (m,
2H), 7.91–7.83 (m, 6H), 7.57–7.09 (m, 39H), 6.50 (d, J=6.9 Hz, 1H),
5.51 (t, J=9.7 Hz, 1H), 5.43–5.41 (m, 1H), 5.28–5.26 (m, 3H), 5.11 (dd,
J=7.5, 10.4 Hz, 1H), 5.00 (s, 2H), 4.99 (d, J=8.1 Hz, 1H), 4.95 (d, J=


3.4 Hz, 1H), 4.90–4.87 (m, 1H), 4.82 (d, J=11.8 Hz, 1H), 4.78 (dd, J=


6.5, 9.0 Hz, 1H), 4.73–4.19 (m, 18H), 4.10–3.90 (m, 3H), 3.82–3.57 (m,
5H), 3.78 (s, 3H), 3.51–3.25 (m, 6H), 2.98–2.96 (m, 2H), 2.91 (t, J=


4.1 Hz, 1H), 2.75–2.73 (m, 2H), 2.53 (dd, J=5.0, 12.8 Hz, 1H), 2.11 (s,
3H), 2.08 (s, 3H), 2.05 (br s, 6H), 2.02 (s, 3H), 1.92 (s, 3H), 1.40 (br s,
2H), 1.10 ppm (br s, 6H); HRMS (MALDI): m/z calcd for
C123H133Cl6N3O43Na: 2572.6342 [M+Na]+ ; found: 2572.6416.


42b : Compound 41b (39 mg, 0.0167 mmol) was dissolved in AcOH
(2 mL), and Zn/Cu couple (460 mg) was added. After stirring for 2 days
at 45 8C, the mixture was cooled to room temperature, filtered through
celite, and concentrated. The residue was redissolved in pyridine (3 mL),
and Ac2O (2 mL) was added. Next, the mixture was stirred for 13 h, con-
centrated, and coevaporated with toluene. The precipitate was dissolved
in EtOAc and washed with 10% citric acid, brine, aqueous NaHCO3, and
brine. After drying over Na2SO4, filtration, and concentration, purifica-
tion with preparative TLC (toluene/EtOAc=1:6) gave benzyloxycarbo-
nylaminohexyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-acetamidyl-d-
glycero-a-d-galacto-2-nonulopyranosylonate)-(2!3)-4-O-acetyl-2,3-di-O-
benzoyl-b-d-galactopyranosyl-(1!3)-2-deoxy-4-O-acetyl-6-O-benzyl-2-
acetamidyl-b-d-glucopyranosyl-(1!3)-2-O-benzoyl-4,6-di-O-benzyl-b-d-
galactopyranosyl-(1!4)-2,3-di-O-benzoyl-6-O-benzyl-b-d-glucopyrano-
side (41b ; 25 mg, 0.0106 mmol, 62%).


2b : Compound 41b (25 mg, 0.0106 mmol) was dissolved in a solution of
sodium methoxide in methanol (0.05m, 3 mL). After stirring for 1 day at
room temperature under an atmosphere of nitrogen, water (0.3 mL) was
added, and the mixture was stirred for another 16 h. Next, the mixture
was neutralized with Amberlite IR-120 resin and filtered to remove the
resin. The filtrate was concentrated and dried under reduced pressure.
The crude residue was dissolved in MeOH (1.5 mL) and H2O (0.5 mL)
before addition of Pd(OH)2/C (10 mg) and a few drops of AcOH. The
mixture was stirred for 1 day at room temperature under an atmosphere
of hydrogen. The catalyst was then removed by filtration, and the filtrate
was concentrated. Purification by size-exclusion chromatography (Sepha-
dex G-15, H2O) with a SepPak C-18 cartridge (MeOH/H2O=0:100–
10:90) gave aminohexyl (3,5-dideoxy-5-acetamidyl-d-glycero-a-d-galacto-
2-nonulopyranosylonate)-(2!3)-b-d-galactopyranosyl-(1!3)-2-deoxy-2-
acetamidyl-b-d-glucopyranosyl-(1!3)-b-d-galactopyranosyl-(1!4)-b-d-
glucopyranoside (2b ; 6 mg, 0.0056 mmol, 52%). [a]23D =�11 (c=0.2,
H2O); 1H NMR (300 MHz, D2O): d=4.71 (d, J=8.1 Hz, 1H), 4.49 (d, J=


7.8 Hz, 1H), 4.46 (d, J=7.8 Hz, 1H), 4.42 (d, J=7.8 Hz, 1H), 4.13 (d, J=


3.1 Hz, 1H), 4.06 (dd, J=3.1, 9.6 Hz, 1H), 3.98–3.43 (m, 23H), 3.30–3.28
(m, 1H), 2.97 (t, J=7.5 Hz, 2H), 2.74 (dd, J=4.7, 12.8 Hz, 1H), 2.01 (s,
6H), 1.76 (t, J=12.1 Hz, 1H), 1.65–1.60 (m, 4H), 1.42–1.39 ppm (m,
4H); HRMS (ESI): m/z calcd for C43H75N3O29Na: 1120.4379 [M+Na]+ ;
found: 1120.4398.
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Synthesis and Aggregation Behavior of meso-Sulfinylporphyrins: Evaluation
of S-Chirality Effects on the Self-Organization to S–Oxo-Tethered Cofacial
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Introduction


In natural photosynthetic reaction centers, porphyrin pig-
ments are arranged in well-defined structures, which are in-
dispensable for exhibiting high efficiencies in their light-har-
vesting abilities and their energy- and electron-transfer pro-
cesses.[1] To understand the role of the specific arrangement
of the chromophores, a number of artificial reaction-center
models, which consist of covalently or noncovalently linked
multiporphyrin arrays, have been provided. Among them,
metal-to-ligand coordinative interaction has been frequently
used to connect and organize metalloporphyrin pigments, as
the three-dimensional geometries and distances of the chro-
mophores can be controlled by changing the combination of
central metals and peripherally substituted ligands.[2] Such
structural diversity is also beneficial for the design of new


Abstract: The synthesis and aggrega-
tion behavior of meso-sulfinylporphy-
ACHTUNGTRENNUNGrins are described. The copper-cata-
lyzed C–S cross-coupling reaction of a
meso-iodoporphyrin with benzenethiol
and n-octanethiol has proved to be an
efficient method for the synthesis of
meso-sulfanylporphyrins, which are
oxygenated by m-chloroperbenzoic
acid to produce the corresponding
meso-sulfinylporphyrins. Optically
active zinc meso-sulfinylporphyrins
were successfully isolated by means of
optical resolution of the racemates on
a chiral HPLC column. Zinc sulfinyl-
porphyrins readily undergo self-organi-
zation through S–oxo–zinc coordina-
tion to form cofacial porphyrin dimers
in solution, in which the hetero- and


homodimers are present as a diastereo-
meric mixture. The aggregation modes
of the S–oxo-tethered porphyrin
dimers were fully characterized by
1H NMR, IR, and UV/Vis spectroscopy
as well as DFT calculations on their
model compounds, thus revealing that
the self-aggregation behavior depends
on the combination of S chirality. The
absolute configurations at the sulfur
center can be determined by the exci-
ton-coupled CD method. The observed
self-association constant for the S–oxo-
tethered dimerization of (S)-phenylsul-


finylporphyrin in toluene is larger than
that in dichloromethane, which reflects
the difference in dipole moments be-
tween the homodimer and the mono-
mer. In cyclic and differential pulse
voltammetry, the first oxidation process
of the cofacial dimers is split into two
reversible steps, which indicates that
the initially produced p radical cations
are delocalized efficiently between the
two porphyrin rings. The present find-
ings demonstrate the potential utility
of meso-sulfinyl groups as promising li-
gands for investigating the effects of
peripheral chirality on the structures
and optical and electrochemical prop-
erties of metal-assisted porphyrin self-
assemblies.
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classes of supramolecular porphyrin-based materials. For ef-
fective electronic communication between the organized
porphyrin p systems, it is desirable to attach coordination
sites directly to or near the peripheral (meso or b) positions
of the porphyrin ring. In this respect, various N and O bases
such as pyridyl,[3] imidazolyl,[4] amine,[5] and hydroxy/carbon-
yl[6] groups have been examined as peripherally substituted
ligands to construct cofacial, linear, branched, cyclic, den-
dritic, and polymeric metalloporphyrin self-assemblies. In
these systems, the directional angle and basicity of the lone-
pair electrons of the ligands define the geometries, stabili-
ties, and optical and electrochemical properties of the as-
semblies. However, other classes of peripheral ligands, espe-
cially those that bear chirality at the coordination sites, have
not yet been fully explored.
The supramolecular chemistry of organized chiral por-


phyrins has also received increasing attention because of
their utility as receptors for sensing chiral molecules and as
chiral models for investigating the photophysical and elec-
trochemical events that occur at natural reaction centers.[7]


Chiral spacers derived from amino acids, sugars, and other
chiral sources with carbon-centered chirality have been fre-
quently used to construct asymmetrically organized multi-
porphyrin arrays. In contrast, little attention has been paid
to heteroatom-centered chirality in metal-assisted porphyrin
self-assemblies.
Recently, Arnold and co-workers[8] and our group[9] inde-


pendently reported the first examples of meso-phosphoryl-
porphyrins, which bear a polarized P–oxo bond at the meso
position. It was clarified that the meso-phosphorylporphyrin
metal complexes readily undergo self-organization through
P–oxo–metal (Zn or Mg) coordination to form cofacial
dimers in solution and in the solid state or zig-zag polymers
in the solid state. It is of particular interest that the P–oxo-
tethered cofacial dimers exhibit characteristic electrochemi-
cal properties owing to the electronic communication be-
tween the two partially stacked porphyrin p systems. In
other words, the P–oxo-tethered zinc porphyrin dimers
showed 1e/1e/2e electrochemical oxidation processes,[9]


which was not previously observed for tightly stacked 2-pyr-
idyl- and 2-imidazolyl-tethered zinc porphyrin dimers.[3f, 4f]


These findings represent the potential utility of third-row
heteroatom–oxo substituents as moderately basic coordina-
tion sites for metalloporphyrin self-assemblies. Therefore,


we turned our attention to sulfinyl groups, which contain
both a polarized sulfur–oxo bond and stable chirality at the
sulfur center. The latter feature seems highly promising for
investigating the influence of peripheral chiral auxiliaries on
the geometries and fundamental properties of metal-assisted
porphyrin self-assemblies.
In 1991, Crossley and co-workers reported a b-phenylsul-


finylporphyrin in their systematic study on b-substituent ef-
fects on the frontier orbitals of 5,10,15,20-tetraphenylpor-
phyrin metal complexes.[10] To the best of our knowledge,
however, there are no examples of meso-sulfinylporphyrins
and their chiral derivatives, probably due to the lack of a
general method for the preparation of this class of com-
pounds. It is widely known that peripheral carbon–hetero-
ACHTUNGTRENNUNGatom bonds are conveniently formed by palladium-catalyzed
cross-coupling reactions between haloporphyrins and the
corresponding heteroatom reagents. For instance, porphyrins
that bear boron-,[11] oxygen-,[12] nitrogen-,[13] phosphorus-,[8,9]


and sulfur-derived[14] functional groups at the meso or b po-
sitions have been prepared by this methodology. Ligand-free
nickel-catalyzed C�O and C�N cross-coupling reactions
have also been used for attaching phenoxy and amine func-
tionalities.[15] Recently, we found that the copper-catalyzed
C�P cross-coupling reaction between a meso-iodoporphyrin
and organophosphorus(V) reagents is applicable to the syn-
thesis of meso-phosphorylporphyrins.[9] With this result in
hand, we decided to use the copper-catalyzed C–S cross-cou-
pling reaction as a key step for the synthesis of meso-sulfi-
nylporphyrins.
Herein, we report the first examples of meso-sulfinylpor-


phyrins. Zinc sulfinylporphyrins were found to undergo self-
organization in nonpolar and moderately polar solvents to
form cofacial dimers through S–oxo–zinc complementary co-
ordination. We also succeeded in isolating optically active
zinc sulfinylporphyrins and revealed the effects of S chirality
on self-aggregation behavior. The observed optical and elec-
trochemical properties of cofacial zinc sulfinylporphyrin
dimers exemplify the potential utility of the peripheral sulfi-
nyl ligands for the construction of metal-assisted chiral por-
phyrin self-assemblies.


Results and Discussion


Synthesis of meso-Sulfinylporphyrins


The synthesis of meso-sulfinylporphyrins is summarized in
Scheme 1. The copper-catalyzed C�S cross-coupling reaction
of meso-iodoporphyrinatozinc(II) 1Zn[16] with benzenethiol
and n-octanethiol under the Venkataraman conditions[17] af-
forded the corresponding meso-sulfanylporphyrins 2Zn and
3Zn in 94 and 80% yield, respectively. The present method
is as efficient as the palladium-catalyzed C�S cross-coupling
reaction reported by Zhang and co-workers[14] and the SNAr
reaction of 5-nitrooctaethylporphyrins with benzenethiolate
reported by Crossley et al.[18] Treatment of 2Zn and 3Zn
with 1 equivalent of mCPBA in CH2Cl2 gave meso-sulfinyl-
porphyrins 4Zn and 5Zn in 62 and 80% yield, respectively.
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Demetalation of zinc porphyrins 2Zn, 3Zn, and 4Zn with
TFA in CH2Cl2 yielded the corresponding free bases 2H2,
3H2, and 4H2. Compounds 4H2 and 5H2 can be alternatively
prepared by selective oxidation of 2H2 and 3H2 with
mCPBA.


Characterization and Aggregation Behavior of
meso-Sulfinylporphyrins


The structures of newly synthesized porphyrins 2M–5M
(M=Zn, H2) were characterized by means of


1H NMR, UV/
Vis, and IR spectroscopy as well as mass spectrometry. In
the 1H NMR spectra of meso-sulfanylporphyrins 2M and 3M
in CDCl3, all proton signals were observed as sharp peaks at
normal regions for AB3-type meso-tetrasubstituted porphy-
ACHTUNGTRENNUNGrins (see Supporting Information, Figures S1–S4). The meso-
sulfinylporphyrin free bases 4H2 and 5H2 also showed dis-
tinct peaks, in which the peripheral 3,7-b (4H2 and 5H2), S–
phenyl ortho (4H2), and S–methylene (5H2) proton signals
were observed at d=9.98 (4H2) and 10.18 (5H2), 7.64, and
3.55–4.06 ppm, respectively (see Supporting Information,
Figures S5 and S6; for the numbering scheme, see
Scheme 2). Oxygenation at the sulfur atom (from 2H2, 3H2


to 4H2, 5H2) induced slight downfield shifts in the signals of
the 3,7-b protons (Dd=0.12–0.20 ppm). The diastereotopic
appearance of the S–methylene proton signals of 5H2 repre-
sents stable chirality at the sulfur center. The S chirality of
4H2 and 5H2 does not discriminate the 3,7-b protons clearly
at 25 8C, which suggests that the meso-carbon–sulfur bond
rotates rapidly on the NMR timescale at room temperature.


However, the signals for these
protons were observed diaster-
eotopically at low tempera-
tures.[19]


The 1H NMR spectra of zinc
meso-sulfinylporphyrins 4Zn
and 5Zn in CD2Cl2 showed
complicated peak patterns de-
rived from two different species
(Figures 1b and 2b). Thus, all


Scheme 1. Synthesis of meso-sulfinylporphyrins. mCPBA=m-chloroperbenzoic acid, TFA= trifluoroacetic acid.


Scheme 2. Numbering scheme
of the sulfinylporphyrins.


Figure 1. 1H NMR spectra of 4Zn (d=5.5–10.0 ppm). a=3,7-b, b=2,8-b,
c=12,18-b, d=13,17-b, e=10,20-meso-aryl Ho, e’=15-meso-aryl Ho, f=
10,20-meso-aryl Hp, f’=15-meso-aryl Hp, g=S–phenyl Ho, h=S–phenyl
Hm, i=S–phenyl Hp. For the labeling, see Scheme 2. a) Recorded in
CDCl3/CD3OD (5:1 v/v, 1.6L10�3m) at 25 8C. b) Recorded in CD2Cl2
(1.6L10�3m) at �10 8C. Labeled peaks are those derived from the major
diastereomer (heterodimer).


Figure 2. 1H NMR spectra of 5Zn (d=6.0–10.5 ppm). a=3,7-b, b=2,8-b,
c=12,18-b, d=13,17-b, e=10,20-meso-aryl Ho, e’=15-meso-aryl Ho, f=
10,20-meso-aryl Hp, f’=15-meso-aryl Hp. For the labeling, see Scheme 2.
a) Recorded in CDCl3/CD3OD (5:2 v/v, 1.6L10�3m) at 25 8C. b) Recorded
in CD2Cl2 (2.0L10


�3
m) at 25 8C. Labeled peaks are those derived from


the major diastereomer (heterodimer).
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the b protons of 4Zn and 5Zn appear to be nonequivalent,
which indicates the magnetically unsymmetrical environ-
ments for the porphyrin rings in each species.[20] The sepa-
rately observed peaks of the major and minor species of
4Zn and 5Zn were assigned by means of 1H–1H COSY
measurements. The most diagnostic feature of their
1H NMR spectra is the upfield appearance of the signals of
the 3,7-b, S–phenyl (4Zn), and S–methylene (5Zn) protons
relative to the corresponding signals for 4H2 and 5H2. Such
magnetic shielding is apparently due to the ring-current
effect of the neighboring porphyrin p electrons. It is there-
fore likely that the zinc sulfinylporphyrins exist as two types
of self-aggregates through metal–ligand coordination. In
fact, the UV/Vis spectra of 4Zn and 5Zn showed concentra-
tion dependence (see below), whereas those of 4H2 and 5H2


did not.
On the other hand, the 1H NMR spectra of 4Zn and 5Zn


in CDCl3/CD3OD (5:1–5:2 v/v) displayed completely differ-
ent peak patterns derived from single species, in which all
peaks appeared in the same regions as those of 4H2 and 5H2


(Figures 1a and 2a; see also Supporting Information, Fig-
ACHTUNGTRENNUNGures S7 and S8). For instance, the 3,7-b, S–phenyl ortho
(4Zn), and S–methylene (5Zn) protons were observed at
d=9.83 (4Zn) and 9.88 (5Zn), 7.61, and 3.65–4.04 ppm, re-
spectively. Addition of an excess amount of pyridine into
the solutions of 4Zn and 5Zn in CDCl3 also changed the
peak appearances dramatically, such that distinct peaks due
to the pyridine adducts 4Zn–py and 5Zn–py were displayed
(see Experimental Section for measurement conditions).
These results suggest that methanol and pyridine coordinate
to the zinc centers of 4Zn and 5Zn to cause dissociation of
the aggregates to the respective zinc sulfinylporphyrin mon-
omers. Methanol may also act as a hydrogen-bond donor for
the polarized S–oxo group. The effects of these additives on
the 1H NMR spectra resemble those observed for zinc phos-
phorylporphyrins, which exist as P–oxo-tethered cofacial
dimers in nonpolar and moderately polar solvents.[9]


In the IR spectra of solid samples prepared as Nujol
mulls, strong S=O stretching bands of 4Zn (ñ=992–
1006 cm�1) were observed at lower frequencies than that of
4Zn–py (ñ=1037 cm�1), which indicates that the multiple-
bond character of the S–oxo bond is considerably weakened
by self-aggregation (see Supporting Information, Figure S9).
It is known that O-bound metal–sulfoxide complexes exhibit
S=O stretching vibration bands at lower frequencies than
free sulfoxides.[21] In this regard, the sulfinyl group in 4Zn is
considered to coordinate to the zinc center via an oxygen
atom. This agrees well with the fact that sulfanylporphyrins
2Zn and 3Zn and free-base sulfinylporphyrins 4H2 and 5H2


do not form self-aggregates.
We note again that the sulfinyl groups of 4Zn and 5Zn


contain stable chirality at the sulfur center. To discuss the
effect of S chirality on the self-organization of zinc sulfinyl-
porphyrins, we attempted to separate the two enantiomers
of 4Zn and 5Zn by using a semipreparative, chiral carba-
mate-modified polysaccaride HPLC column. The chromato-
graphic conditions are described in the caption of Figure 3.


As shown in Figure 3, both enantiomers of the phenylsulfi-
nylporphyrin 4Zn were isolated in high optical purities
(99% ee for the 1st fraction, 97% ee for the 2nd fraction).
On the other hand, the octylsulfinylporphyrin 5Zn could not
be resolved completely under the same conditions (79% ee
for the 1st fraction, 50% ee for the 2nd fraction); the reason
for that is not clear.
With optically active zinc sulfinylporphyrins in hand, the


structures of zinc sulfinylporphyrin aggregates can now be
discussed in more detail. In the 1H NMR spectra of the race-
mates of 4Zn and 5Zn in CD2Cl2 (Figures 1b and 2b), two
sets of peaks were observed, which indicates that a pair of
diastereomers was present in solution. Unfortunately, at-
tempts to measure the molecular weights of the 4Zn and
5Zn aggregates in solution by vapor-pressure osmometry
were unsuccessful due to their limited solubility. However,
the ESI mass spectra of 4Zn and 5Zn in CHCl3/CH3CN
showed parent-ion peaks at m/z=2148 and 2220, respective-
ly, which are attributed to dimeric cations ([2M+Na]+ ; see
Supporting Information, Figure S10). Hence, the zinc sulfi-
nylporphyrin aggregates are considered to be present mostly
as a diastereomeric mixture of the S–oxo-tethered dimers in
nonpolar and moderately polar solvents.[22]


When the 1H NMR spectrum of optically pure 4Zn (1st
fraction, 99% ee) was recorded in CD2Cl2, only one set of
peaks corresponding to the minor diastereomer appeared
(Figure 4b and d). By comparison with the 1H NMR spec-
trum of the 4Zn racemate (Figure 4a and c), we can safely
conclude that the major and minor diastereomers observed
for the racemates are the S,R heterodimer and the S,S/R,R
homodimers, respectively. In the spectrum of the optically
pure 4Zn homodimer at �40 8C (Figure 4d), the peaks at


Figure 3. HPLC chromatograms of 4Zn. DAICEL Chiralpak IA, hexane/
2-propanol (100:1), 1.0 mLmin�1 at 25 8C, monitored at 425 nm. a) The
racemate (before separation). b) The first fraction (after separation).
c) The second fraction (after separation).
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d=5.58, 6.51, and 6.70 ppm were assigned to the S–phenyl
ortho, meta, and para protons on the basis of their coupling
patterns and integral values (Table 1). The signals of the S–
phenyl protons of the 4Zn heterodimer were also observed
at d=5.60–6.62 ppm. The large upfield shifts of the signals
of the S–phenyl protons of the dimers relative to those of
the monomer (Figure 1a) resulted from the ring-current
effect of the porphyrin p circuit, which suggests that the S–
phenyl group is located above the second porphyrin ring in
the dimeric state. The degree of shielding decreases in the
order ortho (Dd=2.01–2.03 ppm)>meta (Dd=0.79–
0.85 ppm)>para (Dd=0.60–0.68 ppm). Although the signal-
to-noise (S/N) ratio of the 1H NMR spectrum of optically
active 5Zn (1st fraction, 79% ee) was low, the major and


minor diastereomers could also be assigned as the hetero-
and homodimers, respectively. The S–methylene protons of
the 5Zn homo- and heterodimers are more shielded (Dd=


1.69–1.82 ppm) than those of the 5Zn monomer. These data
strongly support the hypothesis that zinc sulfinylporphyrins
exist as a diastereomeric mixture of complementary S–oxo-
tethered cofacial dimers in weakly polar solvents. The fact
that signals for both homo- and heterodimers were observed
separately in the 1H NMR spectra implies that the intercon-
version between the two diastereomers of the zinc sulfinyl-
porphyrins is slow on the NMR timescale.
The hetero-/homodimer ratios of the 4Zn and 5Zn dimers


in CD2Cl2 were found to be 4.7:1 and 4:1, respectively, on
the basis of signal integration of the 1H NMR spectra (2.0L
10�3m, �10 8C). Thus, the heterodimer is thermodynamically
more stable than the homodimer, although the differences
in the ground-state energies between the two are very small
(3.0–3.4 kJmol�1 at �10 8C). In the observed temperature
range (�10 to �50 8C), the hetero-/homodimer ratio did not
vary within experimental error, which suggests that the tem-
perature dependence of the self-association constants of the
hetero- and homodimers are similar.
To gain further insight into the structures of S–oxo-teth-


ered zinc sulfinylporphyrin dimers, density functional theory
(DFT) calculations at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level were car-
ried out on 5-phenylsulfinyl-10,15,20-triphenylporphyrinato-
zinc(II) (6) as a model for 4Zn. The optimized structures of
the S,R heterodimer, the S,S homodimer, and the S mono-
mer of 6 are depicted in Figure 5. Selected bond lengths, in-
teratomic distances, bond angles, and dihedral angles are
listed in Table 2. Scheme 3 shows schematic views of the co-
facial dimers of the zinc sulfinylporphyrins. The sulfur
center in each dimer adopts trigonal-pyramidal geometry
with a sum of C�S�X (X=C, O) bond angles of 315.9–
316.28, which is close to that (SC�S�X=316.08) of the mono-
mer. As a result of the S–oxo–Zn coordinative interaction,
the O�S�Cmeso�Ca dihedral angles (41.2–42.28) of the dimers
are widened compared to the respective angle of the mono-
mer (37.58). Furthermore, the five-coordinate zinc atom is
displaced from the mean plane formed by the four nitrogen
atoms (0.415 N for the homodimer, 0.409 N for the hetero-
dimer), and the porphyrin rings are slightly distorted. The
S�O bonds (1.551–1.552 N) of the dimers are appreciably
longer than that (1.517 N) of the monomer, which indicates
that the double-bond character of the S–oxo bond is de-


creased by dimerization, as de-
duced from the IR spectra.
The Zn�O distances and S�


O bond lengths of the homodi-
mer are close to the respective
values of the heterodimer,
which suggests that there is
little difference in the degree of
S–oxo–zinc coordinative inter-
action between the homo- and
heterodimers. However, the
whole geometry of the hetero-


Table 1. Selected 1H NMR chemical shifts (ppm) for 4Zn and 5Zn.[a]


Proton 4Zn 5Zn
Monomer[b] Heterodimer[c] Homodimer[c] Monomer[d] Heterodimer[e] Homodimer[e]


3,7-b 9.83 6.19, 8.20 6.27, 7.91 9.88 6.50, 7.98 6.61, 7.73
2,8-b 8.96 7.82, 8.74 8.01, 8.58 9.00 7.98, 8.66 8.14, 8.71
S�Ph ortho 7.61 5.60 5.58 – – –
S�Ph meta 7.30 6.45 6.51 – – –
S�Ph para 7.30 6.62 6.70 – – –
S�CH2 – – – 3.65, 4.04 1.96, 2.22 1.96, 2.32


[a] Relative to tetramethylsilane (TMS). [b] Recorded in CDCl3/CD3OD (5:1 v/v) at 25 8C. [c] Recorded in
CD2Cl2 at �10 8C. [d] Recorded in CDCl3/CD3OD (5:2 v/v) at 25 8C. [e] Recorded in CD2Cl2 at 25 8C.


Figure 4. 1H NMR spectra of 4Zn in CD2Cl2 at �40 8C a) and b) from d=


5.5 to 6.8 ppm and c) and d) from d =7.5 to 9.5 ppm. a) and c) The race-
mate (1.6L10�3m). Asterisks indicate selected peaks from the minor dia-
stereomer (homodimer). b) and d) The S isomer (5L10�4m). All peaks
are from the S,S homodimer: a=3,7-b, b=2,8-b, c=12,18-b, d=13,17-b,
g=S–phenyl Ho, h=S–phenyl Hm, i=S–phenyl Hp. For the labeling, see
Scheme 2.
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dimer clearly differs from that of the homodimer; the two
porphyrin rings of the former are linked in a parallel
manner with Ci symmetry, whereas those of the latter are
linked helically with C2 symmetry.
The optimized structures of the 6 dimers reasonably ex-


plain the upfield appearances of the signals of the S–phenyl
and peripheral 3,7-b protons of the 4Zn dimers in their
1H NMR spectra (Table 1). As illustrated in Figure 5, these
protons are located above the porphyrin ring of the counter-
part. The aggregation modes in Scheme 3 also support non-
ACHTUNGTRENNUNGequivalence of the b protons and the inner and outer aryl
protons of the meso-3,5-di-tert-butylphenyl groups of 4Zn,
which are discriminated in the dimeric state.[23] The Zn···Zn
separations of 6.488–6.502 N calculated for the 6 dimers are
somewhat longer than that (6.25 N) of the structurally char-
acterized, cofacial zinc meso-dibutoxyphosphorylporphyrin
dimer, which has C2h symmetry in the solid state and in solu-
tion. By taking the structural parameters of 6 into consider-


ation, zinc meso-sulfinylporphyrins may be regarded as new
chiral models for a weakly coupled chlorophyll pair in the
photosynthetic reaction center.[24]


The isolation of optically active zinc sulfinylporphyrins
4Zn and 5Zn led us to determine the absolute configuration
at the sulfur center by using the exciton-coupled CD
method.[25] The CD spectra of the separated enantiomers of
4Zn were recorded in toluene at 1.0L10�4m. Under these
conditions, the homodimer and the monomer are considered
to be present in a 4:1 ratio (see below). As shown in
Figure 6, large Cotton effects were observed for the two
fractions with opposite signs: the first fraction showed a pos-
itive-to-negative pattern on going from longer to shorter
wavelengths, whereas the second fraction showed a nega-
tive-to-positive pattern. By contrast, in the presence of
excess MeOH, the CD spectrum of 4Zn (the first fraction)
showed much weaker Cotton effects derived from the opti-
cally active monomer. These observations strongly support
the helical array of the porphyrin chromophores in the S–
oxo-tethered homodimer, as illustrated in Scheme 3. The op-
tically active zinc sulfinylporphyrin 5Zn also showed large
Cotton effects with the same CD couplets as those observed
for the optically active 4Zn (see Supporting Information,
Figure S11).
The intense Soret bands of porphyrins are a reliable tool


for the exciton-coupled CD method, because the signs and
amplitudes of the CD curves are related to the absolute hel-
icity of the electronic-transition moments of the chromo-
phores. In fact, optically active porphyrin aggregates cova-
lently or noncovalently linked by chiral spacers have been
reported to exhibit large Cotton effects in their CD spec-


Figure 5. Top and side views of the optimized structures of a) and b) the
S,R heterodimer, c) and d) the S,S homodimer, and e) and f) the S mono-
mer of 6.


Table 2. Selected calculated structural parameters of 6.


Heterodimer Homodimer Monomer


Zn�O [N] 2.109 2.112 –
S�O [N] 1.551 1.552 1.517
Zn···Zn [N] 6.488 6.502 –
O�S�Cmeso [8] 110.2 110.1 111.6
O�S�CPh [8] 103.1 103.3 106.2
O�S�C [8] 102.6 102.8 98.2
Zn�O�S [8] 128.3 126.5 –
O�S�Cmeso�Ca [8] 41.2 42.2 37.5


Scheme 3. Schematic views of the zinc sulfinylporphyrin S,R hetero- and
S,S homodimers. 4Zn : Ar=3,5-di-tert-butylphenyl (R’= tBu), R=Ph;
5Zn : Ar=3,5-di-tert-butylphenyl (R’= tBu), R=n-C8H17; 6 : Ar=Ph
(R’=H), R=Ph. a) and b) Side views along the 10–20 axis. c) Side view
along the 5–15 axis.
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tra.[7] As the zinc sulfinylporphyrin 4Zn is likely to have a
dipole moment along the 5–15 axis, the positive CD couplet
observed for the first fraction is indicative of a positive dihe-
dral angle between the porphyrin chromophores of the
homodimer (Scheme 4). Accordingly, the absolute configu-
ration of the sulfur center of the enantiomerically pure 4Zn
obtained from the first fraction was assigned as S, and that
obtained from the second fraction as R.


Optical Properties of meso-Sulfinylporphyrins


As discussed above, zinc sulfinylporphyrins 4Zn and 5Zn
undergo self-organization to give the S–oxo-tethered cofa-
cial dimers in weakly polar solvents. To reveal the dimeriza-
tion effect on the optical properties of zinc sulfinylporphy-
ACHTUNGTRENNUNGrins, we first recorded the UV/Vis spectra of enantiomeri-


cally pure (S)-4Zn (>99% ee) in toluene at 2.0L10�7–1.0L
10�4m. As shown in Figure 7, the monomer Soret band was
split by dimerization at higher concentrations, and the exci-


tonic-band-splitting energy[26,27] (DE) of the S,S homodimer
was determined to be 1100 cm�1.[28] This value is within the
range of those reported for the P–oxo-tethered porphyrin 7
dimer (DE=940 cm�1),[9] the 2-pyridyl-tethered porphyrin 8
dimers (DE=900–1020 cm�1 for R=H, F),[3d] and the 2-imi-
dazolyl-tethered porphyrin 9 dimer (DE=1324 cm�1)
(Scheme 5).[4f]


On the basis of competitive titration experiments with
UV/Vis spectroscopy, self-association constants (Ka at 25 8C)
for the complementary dimerization of (S)-4Zn in toluene


Figure 6. a) CD spectra of the optically active 4Zn in toluene at 1.0L
10�4m. The first and second fractions are shown as solid and dashed lines,
respectively. Dotted line: the first fraction in the presence of 10%
MeOH. b) UV/Vis spectrum of (S)-4Zn in toluene at 1.0L10�4m.


Scheme 4. Assignment of the chirality of the zinc sulfinylporphyrins.


Figure 7. UV/Vis spectra of (S)-4Zn in toluene at 1.0L10�4–2.0L10�7m in
toluene.


Scheme 5. Structures of porphyrins 7–10.
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and dichloromethane were determined as 7.9L104 and 8.6L
103m�1, respectively (Equation (1); see also Supporting In-
formation, Figure S12). Owing to the insufficient optical
purity (79% ee) of (S)-5Zn, accurate Ka values could not be
determined for 5Zn. However, the concentration depend-
ence of the UV/Vis spectra (see Supporting Information,
Figure S13) indicates that the Ka value of (S)-5Zn in toluene
is around 10 times larger than that of (S)-4Zn. Thus, the
meso-octylsulfinyl group binds the zinc porphyrins more
tightly than the meso-phenylsulfinyl group. The solvent
effect on the self-association constants can be interpreted in
terms of the net dipole moments of the chromophores. In
the optimized structures, the dipole moments of the 6
hetero- and homodimers were calculated to be zero and
0.701 D, respectively, which are much smaller than that of
the 6 monomer (4.927 D). This suggests that the relative sta-
bility of the S–oxo-tethered porphyrin dimer with respect to
the monomer increases with decreasing solvent polarity.[29]


Given the 1H NMR spectroscopic results, the Ka values (at
25 8C) of the 4Zn heterodimer in toluene and dichloro-
ACHTUNGTRENNUNGmethane were estimated to be 4.7L105 and 5.1L104m�1, re-
spectively.


Notably, the self-association constants of the zinc phenyl-
sulfinylporphyrin 4Zn are somewhat smaller than that of the
zinc diphenylphosphorylporphyrin 7 (Ka=5.9L10


6
m
�1 in tol-


uene at 25 8C) and significantly smaller than those of the
meso-2-imidazolylporphyrins reported by Kobuke and co-
workers.[30] To evaluate the coordinating ability of the sulfi-
nyl groups to the zinc center of porphyrins, we also deter-
mined association constants (Ka’) for the complexation be-
tween 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrina-
tozinc(II) (10) and diorganyl sulfoxides by titration experi-
ments. As shown in Equation (2), the Ka’ value of the 10–
OSPh2 adduct (38m


�1 in toluene at 25 8C)[31] is smaller than
that of the 10–OS(Me)Ph adduct (1.3L102m�1). These data
indicate that the difference in Ka values between 4Zn and
5Zn basically stems from the different coordinating abilities
of their sulfinyl ligands. Furthermore, the coordinating abili-
ties of these sulfoxides were found to be weaker than those
of triphenylphosphine oxide and pyridine, which exhibited
larger Ka’ values for the complexation with 10 under the
same conditions. Thus, the difference in the self-association
constants between 4Zn and 7 is also ascribed to the different
coordinating abilities of the sulfinyl and phosphoryl ligands
(see above).


Electrochemical Properties of meso-Sulfinylporphyrins


The electrochemical properties of meso-sulfinylporphyrins
were examined by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in CH2Cl2 with nBu4NPF6
(TBAP) as the electrolyte. It is well-known that oxidation of
the p ring of a porphyrin monomer occurs through two re-
versible, one-electron processes. Both meso-sulfanylporphy-
ACHTUNGTRENNUNGrin 2H2 and meso-sulfinylporphyrin 4H2 showed reversible
voltammograms that are typical of porphyrin monomers.
The first and second oxidation potentials of 4H2 (E1=2


=


+0.65 and +0.83 V vs. Fc/Fc+ ; Fc= ferrocene) were ob-
served at lower cathodic potentials than the respective po-
tentials of 2H2 (E1=2


=++0.54 and +0.72 V vs. Fc/Fc+). The
difference in the first oxidation potentials (DE=0.11 V) be-
tween 4H2 and 2H2 is close to that (DE=0.115 V) between
2-phenylsulfi ACHTUNGTRENNUNGnyl-5,10,15,20-tetraphenylporphyrinatocopper-
(II) and 2-phenylsulfanyl-5,10,15,20-tetraphenylporphyrina-
tocopper(II) reported by Crossley and co-workers.[10] These
data show that the electron-withdrawing ability of the pe-
ripheral sulfinyl substituents is larger than that of the pe-
ripheral sulfanyl substituents.
To reveal the effect of dimerization on the electrochemi-


cal oxidation processes of zinc sulfinylporphyrins, oxidation
potentials of 4Zn and 5Zn were also measured by CV and
DPV in CH2Cl2 at 1.0L10


�3
m.[32] At this concentration, 4Zn


and 5Zn exist mainly as the cofacial dimers. As shown in
Figure 8, the 4Zn dimer was oxidized through three reversi-
ble steps with oxidation potentials (Eox vs. Fc/Fc


+) of +0.37,
+0.62, and +0.80 V. The 5Zn dimer showed similar voltam-
mograms with Eox values of +0.35, +0.61, and +0.79 V (see


Figure 8. a) Cyclic voltammogram and b) differential pulse voltammo-
gram for 4Zn recorded in CH2Cl2. [4Zn]=1.0L10


�3
m, [TBAP]=0.1m.


Scan rate=20 mVs�1. Asterisks indicate the Fc/Fc+ couple.
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Supporting Information, Figure S14). In both cases, the first
oxidation process of the zinc sulfinylporphyrin dimers is
split into two reversible one-electron steps. The differences
in oxidation potentials between the first and second steps
(DEox=0.25 V for 4Zn, 0.26 V for 5Zn) are close to those
observed for the zinc phosphorylporphyrins (DEox=0.22–
0.25 V). This type of 1e/1e/2e electrochemical oxidation pro-
cess is well-known for covalently linked cofacial porphyrin
dimers. For example, the differences in the first two oxida-
tion steps (DEox) of face-to-face diporphyrins linked by two
amide bridges or monolinked by a polyaromatic bridge were
reported to be 0.07–0.31 V.[33] In the case of the present S–
oxo-tethered cofacial porphyrin dimers, the initially formed
p radical cations seem to delocalize efficiently between the
two porphyrin rings through p–p electronic interactions. On
the other hand, the second oxidation process occurs by a re-
versible two-electron step, which implies that the two por-
phyrin p radical cations interact very weakly or dissociate to
the respective monomers. Addition of diorganyl sulfoxides
(R2SO; R=Ph, Me) to the solution changed the voltammo-
grams of 4Zn and 5Zn considerably. In the presence of
excess amounts (500 equiv) of the sulfoxides, both the first
and second oxidation processes proceeded irreversibly. The
first oxidation potentials of the 4Zn–OSPh2 and 5Zn–
OSMe2 adducts were determined by DPV measurements as
+0.42 and +0.39 V (vs. Fc/Fc+), respectively.
The electrochemical oxidation processes of the S–oxo-


tethered zinc porphyrin dimers resemble those of the P–
oxo-tethered dimers but differ considerably from those re-
ported for the 2-pyridyl- and 2-imidazolyl-tethered dimers 8
and 9.[34] In these N-tethered systems, both the first and
second oxidation processes occur through two reversible
one-electron steps. Presumably, the sulfinyl linkers of 4Zn
and 5Zn are not capable of connecting the porphyrin radical
cations so as to influence their second oxidation processes,
whereas the 2-imidazolyl and 2-pyridyl linkers keep the di-
meric structure even in the second oxidation process. This
different electrochemical behavior may be attributed to the
difference in basicity between the S–oxo ligands and the ar-
omatic N ligands.


Conclusions


We have established a general method for the synthesis of
meso-sulfinylporphyrins and succeeded in resolving optically
active zinc sulfinylporphyrins for the first time. In weakly
polar solvents, the zinc sulfinylporphyrins underwent self-or-
ganization to afford cofacial porphyrin dimers through com-
plementary S–oxo–zinc coordination. More importantly, the
peripheral S chirality proved to affect the self-aggregation
behavior of zinc sulfinylporphyrins. The S,R hetero- and S,S/
R,R homodimers are linked with Ci and C2 symmetry, re-
spectively, and the helical structure of the homodimers is
confirmed by large Cotton effects in their CD spectra. The
present study demonstrates that third-row heteroatom–oxo
groups are promising ligands for investigating the effects of


peripherally attached chiral auxiliaries on metal-assisted
porphyrin self-assemblies.


Experimental Section


General


1H NMR spectra were recorded on JEOL EX400 and AS300 spectrome-
ters. Chemical shifts are reported relative to TMS. Matrix-assisted laser
desorption/ionization (MALDI) time-of-flight (TOF) and ESI mass spec-
tra were recorded on a Shimadzu Kratos Compact MALDI I spectrome-
ter and an Applied Biosystems Mariner biospectrometry workstation, re-
spectively. IR spectra were recorded on a Shimadzu FTIR-8200A spec-
trophotometer with samples prepared as Nujol mulls. UV/Vis spectra
were obtained on a Perkin–Elmer Lambda 900UV/Vis/NIR spectrome-
ter. CD spectra were recorded on a JASCO J-800 spectropolarimeter.
Toluene and CH2Cl2 were distilled from CaH2 before use. 5-Iodo-
10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinatozinc(II) (1Zn) was pre-
pared according to the reported procedure.[16] Other chemicals and sol-
vents were of reagent grade and were purchased commercially and used
without further purification. Thin-layer chromatography and flash
column chromatography were performed with Art. 5554 DC-Alufolien
Kieselgel 60 F254 (Merck) and silica gel 60N (Kanto Chemicals), respec-
tively. All reactions were performed under argon atmosphere unless oth-
erwise stated.


Syntheses


2Zn : A 50-mL two-necked round-bottomed flask was charged with 1Zn
(200 mg, 190 mmol), copper(I) iodide (10.9 mg, 57 mmol), neocuproine
(12.4 mg, 57 mmol), and sodium tert-butoxide (80.0 mg, 830 mmol). The
flask was then evacuated on a vacuum line and purged with argon. After
toluene (10 mL) and benzenethiol (43 mL, 410 mmol) were added, the
mixture was heated under reflux for 5 h. The resulting mixture was
cooled to room temperature and filtered through celite. The filtrate was
evaporated to leave a solid residue, which was subjected to chromatogra-
phy on a silica-gel column with hexane/CH2Cl2 (4:1) as eluent. [5-Phenyl-
sulfanyl-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinato]zinc(II) (2Zn)
was obtained as a purple solid (184 mg, 94%) after reprecipitation from
CH2Cl2/MeOH. UV/Vis (toluene): l (e)=429 (350000), 554 (19000),
595 nm (4900m


�1 cm�1); 1H NMR (CDCl3, 400 MHz, 298 K): d=1.51 (s,
18H; tBu), 1.52 (s, 36H; tBu), 6.96–6.98 (m, 1H; p-Ph), 7.03–7.12 (m,
4H; o,m-Ph), 7.79–7.80 (m, 3H; p-Ar), 8.05 (d, J=2.0 Hz, 2H; o-Ar),
8.06 (d, J=2.0 Hz, 4H; o-Ar), 8.95 (d, J=4.4 Hz, 2H; 13,17-b), 8.98 (d,
J=4.8 Hz, 2H; 12,18-b), 9.02 (d, J=5.2 Hz, 2H; 2,8-b), 9.99 ppm (d, J=


4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=1046 [M]+ .


2H2 : TFA (30 mL, 380 mmol) was added to a solution of 2Zn (80 mg,
77 mmol) in CH2Cl2 (30 mL), and the resulting mixture was stirred for 3 h
at room temperature. The mixture was then washed with aqueous
Na2CO3 and water, dried over Na2SO4, and evaporated to leave a solid
residue, which was subjected to chromatography on a silica-gel column
with hexane/CH2Cl2 (3:1) as eluent. 5-Phenylsulfanyl-10,15,20-tris(3,5-di-
tert-butylphenyl)porphyrin (2H2) was obtained as a purple solid (74 mg,
98%) after reprecipitation from CH2Cl2/MeOH. UV/Vis (toluene): l


(e)=425 (220000), 520 (12000), 556 (6500), 595 (3900), 651 nm
(2600m


�1 cm�1); 1H NMR (CDCl3, 400 MHz, 298 K): d =�2.53 (s, 2H;
NH) 1.51 (s, 18H; tBu), 1.52 (s, 36H; tBu), 6.95–6.98 (m, 1H; p-Ph),
7.02–7.09 (m, 4H; o,m-Ph), 7.78–7.80 (m, 3H; p-Ar), 8.04 (d, J=1.2 Hz,
2H; o-Ar), 8.05 (d, J=1.6 Hz, 4H; o-Ar), 8.83 (d, J=4.4 Hz, 2H; 13,17-
b), 8.87 (d, J=4.4 Hz, 2H; 12,18-b), 8.91 (d, J=4.4 Hz, 2H; 2,8-b),
9.86 ppm (d, J=4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=984 [M]+ .


3Zn : This compound was prepared from 1Zn (100 mg, 94 mmol), CuI
(5.4 mg, 28 mmol), neocuproine (6.1 mg, 28 mmol), sodium tert-butoxide
(40.0 mg, 420 mmol), and n-octanethiol (36 mL, 210 mmol) according to
the procedure described for the synthesis of 2Zn. [5-n-Octylsulfanyl-
10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinato]zinc(II) (3Zn) was ob-
tained as a purple solid (80 mg, 80%). UV/Vis (toluene): l (e)=427
(480000), 554 (22000), 595 nm (5400m


�1 cm�1); 1H NMR (CDCl3,
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400 MHz, 298 K): d=0.78 (t, J=6.8 Hz, 3H; CH2CH3), 1.18–1.19 (m,
10H; CH2), 1.51 (s, 18H; tBu), 1.54 (s, 36H; tBu), 1.73 (tt, J=6.9, 6.9 Hz,
2H; SCH2CH2), 3.53 (t, J=7.4 Hz, 2H; SCH2), 7.77 (t, J=2.0 Hz, 1H; p-
Ar), 7.81 (t, J=1.8 Hz, 2H; p-Ar), 8.05 (d, J=1.6 Hz, 2H; o-Ar), 8.08 (d,
J=2.0 Hz, 4H; o-Ar), 8.95 (d, J=4.4 Hz, 2H; 13,17-b), 8.97 (d, J=


4.8 Hz, 2H; 12,18-b), 9.07 (d, J=5.2 Hz, 2H; 2,8-b), 10.12 ppm (d, J=


4.4 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=1082 [M]+ .


3H2 : This compound was prepared from 3Zn (30 mg, 28 mmol) and TFA
(10.8 mL, 140 mmol) according to the procedure described for the synthe-
sis of 2H2. 5-Octylsulfanyl-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin
(3H2) was obtained as a purple solid (21 mg, 73%). UV/Vis (toluene): l


(e)=424 (400000), 520 (18000), 555 (10000), 596 (5400), 651 nm
(3800m


�1 cm�1); 1H NMR (CDCl3, 300 MHz, 298 K): d =�2.66 (s, 2H;
NH), 0.78 (t, J=6.9 Hz, 3H; CH2CH3), 1.16 (br s, 10H; CH2), 1.51 (s,
18H; tBu), 1.54 (s, 36H; tBu), 1.60–1.74 (m, 2H; SCH2CH2), 3.49 (t, J=


7.4 Hz, 2H; SCH2), 7.77 (s, 1H; p-Ar), 7.81 (s, 2H; p-Ar), 8.04 (s, 2H; o-
Ar), 8.07 (s, 4H; o-Ar), 8.85 (s, 4H; 12,13,17,18-b), 8.95 (d, J=4.8 Hz,
2H; 2,8-b), 9.98 ppm (d, J=4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF):
m/z=1020 [M]+ .


4Zn : A mixture of 2Zn (41 mg, 39 mmol), mCPBA (22 mg, 97 mmol), and
CH2Cl2 (1 mL) was stirred for 3 h at 0 8C. The resulting mixture was
washed with aqueous NaOH (1m) and water and dried over Na2SO4. The
solvent was removed by evaporation to leave a solid residue, which was
subjected to chromatography on a silica-gel column with hexane/CH2Cl2
(2:1–1:2) as eluent. After reprecipitation from CH2Cl2/MeOH, [5-phenyl-
sulfinyl-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinato]zinc(II) (4Zn)
was obtained as a purple solid (26 mg, 62%). UV/Vis (toluene, 5.0L
10�6m): l (e)=428 (240000), 563 (17000), 614 nm (8800m


�1 cm�1);
1H NMR: monomer (CDCl3/CD3OD=5:1 v/v, 400 MHz, 298 K): d=1.52
(s, 18H; tBu), 1.53 (s, 36H; tBu), 7.29–7.31 (m, 3H; m,p-Ph), 7.61 (d, J=


7.2 Hz, 2H; o-Ph), 7.79–7.80 (m, 3H; p-Ar), 8.03 (d, J=1.2 Hz, 4H; o-
Ar), 8.04 (d, J=2.0 Hz, 2H; o-Ar), 8.84 (d, J=4.4 Hz, 2H; 13,17-b), 8.89
(d, J=5.2 Hz, 2H; 12,18-b), 8.96 (d, J=4.8 Hz, 2H; 2,8-b), 9.83 ppm (d,
J=5.2 Hz, 2H; 3,7-b); heterodimer (CD2Cl2, 270 MHz, 263 K): d=1.37
(s, 9H; tBu), 1.49 (s, 9H; tBu), 1.51 (s, 9H; tBu), 1.60 (s, 9H; tBu), 1.61
(s, 9H; tBu), 1.68 (s, 9H; tBu), 5.60 (d, J=7.9 Hz, 2H; o-Ph), 6.19 (d, J=


4.3 Hz, 1H; 3-b), 6.43–6.47 (m, 2H; m-Ph), 6.60–6.64 (m, 1H: p-Ph), 7.63
(s, 1H; Ar), 7.82 (d, J=4.3 Hz, 1H; 2-b), 7.84 (s, 2H; Ar), 7.88 (s, 1H;
Ar), 7.99 (s, 1H; Ar), 8.01 (s, 1H; Ar), 8.20 (d, J=4.3 Hz, 1H; 7-b), 8.33
(s, 2H; Ar), 8.74 (s, 1H; Ar), 8.74 (d, J=4.3 Hz, 1H; 8-b), 8.81 (d, J=


4.6 Hz, 1H; pyrrole-b), 8.94 (d, J=4.6 Hz, 1H; pyrrole-b), 9.00 ppm (s,
2H; pyrrole-b); heterodimer ([D8]toluene, 400 MHz, 298 K): d=1.33 (s,
9H; tBu), 1.45 (s, 9H; tBu), 1.47 (s, 9H; tBu), 1.59 (s, 9H; tBu), 1.64 (s,
9H; tBu), 1.81 (s, 9H; tBu), 5.40 (d, J=7.6 Hz, 2H; o-Ph), 5.53 (t, J=


7.6 Hz, 2H; m-Ph), 5.85 (t, J=7.6 Hz, 1H; p-Ph), 6.69 (d, J=4.4 Hz, 1H;
3-b), 7.71 (s, 1H; Ar), 7.97 (s, 2H; Ar), 8.00 (s, 1H; Ar), 8.15 (s, 1H;
Ar), 8.21 (s, 2H; 2-b), 8.60 (d, J=4.4 Hz, 1H; 7-b), 8.71 (s, 1H; Ar), 8.74
(s, 1H; Ar), 9.14 (d, J=4.0 Hz, 1H; pyrrole-b), 9.17 (s, 1H; Ar), 9.22 (s,
2H; 8-b, pyrrole-b), 9.26 (d, J=4.0 Hz, 1H; pyrrole-b), 9.32 ppm (s, 1H;
pyrrole-b); homodimer (CD2Cl2, 270 MHz, 233 K): d =1.36 (s, 9H; tBu),
1.50 (s, 18H; tBu), 1.59 (s, 9H; tBu), 1.64 (s, 9H; tBu), 1.75 (s, 9H; tBu),
5.58 (d, J=7.6 Hz, 2H; o-Ph), 6.27 (d, J=4.9 Hz, 1H; 3-b), 6.51 (dd, J=


7.6, 7.4 Hz, 2H; m-Ph), 6.70 (d, J=7.4 Hz, 1H; p-Ph), 7.61 (s, 1H; Ar),
7.77 (s, 1H; Ar), 7.86 (s, 1H; Ar), 7.91 (d, J=4.6 Hz, 1H; 7-b), 7.96 (s,
2H; Ar), 8.01 (d, J=4.9 Hz, 1H; 2-b), 8.17 (s, 1H; Ar), 8.21 (s, 1H; Ar),
8.45 (s, 1H; Ar), 8.58 (d, J=4.6 Hz, 1H; 8-b), 8.66 (s, 1H; Ar), 8.93 (s,
1H; pyrrole-b), 8.96 (s, 1H; pyrrole-b), 9.03 (d, J=4.9 Hz, 1H; pyrrole-
b), 9.09 ppm (d, J=4.9 Hz, 1H; pyrrole-b); pyridine adduct (CDCl3/
[D5]pyridine, 400 MHz, 298 K): d=1.50 (s, 36H; tBu), 1.51 (s, 18H; tBu),
7.18–7.20 (m, 3H; m,p-Ph), 7.51–7.54 (m, 2H; o-Ph), 7.75–7.76 (m, 3H;
p-Ar), 7.98–8.00 (m, 6H; o-Ar), 8.83 (d, J=4.4 Hz, 2H; 13,17-b), 8.87 (d,
J=4.4 Hz, 2H; 12,18-b), 8.94 (d, J=4.8 Hz, 2H; 2,8-b), 9.94 ppm (d, J=


4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=1063 [M]+ , 1047 [M�O]+ ;
MS (ESI): m/z=2148 [2M+Na]+ .


4H2 : This compound was prepared from 1) 4Zn (20 mg, 19 mmol) and
TFA (7.3 mL, 95 mmol) and 2) 2H2 (10 mg, 10 mmol) and mCPBA (3.5 mg,
15 mmol) according to the procedures described for the synthesis of 2H2


and 4Zn, respectively. 5-Phenylsulfinyl-10,15,20-tris(3,5-di-tert-butylphen-


ACHTUNGTRENNUNGyl)porphyrin (4H2) was obtained as a purple solid (8.1 mg, 43% from
4Zn ; 7.9 mg, 79% from 2H2). UV/Vis (toluene): l (e)=424 (410000), 520
(18000), 555 (9800), 591 (6700), 646 nm (4700m


�1 cm�1); 1H NMR
(CDCl3, 300 MHz, 298 K): d=�2.57 (s, 2H; NH), 1.51 (s, 18H; tBu),
1.52 (s, 36H; tBu), 7.22–7.26 (m, 3H; m,p-Ph), 7.64 (dd, J=8.1, 1.5 Hz,
2H; o-Ph), 7.80–7.81 (m, 3H; p-Ar), 8.02–8.03 (m, 6H; o-Ar), 8.83 (d,
J=4.8 Hz, 2H; 13,17-b), 8.86 (d, J=4.8 Hz, 2H; 12,18-b), 8.96 (d, J=


4.8 Hz, 2H; 2,8-b), 9.98 ppm (d, J=4.8 Hz, 2H; 3,7-b); MS (MALDI-
TOF): m/z=1000 [M]+ , 984 [M�O]+ , 923 [M�Ph]+ , 875 [M�S(O)Ph]+ .
5Zn : This compound was prepared from 3Zn (10 mg, 9.3 mmol) and
mCPBA (3.1 mg, 14 mmol) according to the procedure described for the
synthesis of 4Zn. [5-n-Octylsulfinyl-10,15,20-tris(3,5-di-tert-butylphenyl)-
porphyrinato]zinc(II) (5Zn) was isolated as a purple solid (8.2 mg, 80%).
UV/Vis (toluene, 2.0L10�7m): l (e)=427 (180000), 563 (13000), 614 nm
(7600m


�1 cm�1); 1H NMR: monomer (CDCl3/CD3OD=5:2 v/v, 400 MHz,
298 K): d =0.73 (t, J=6.8 Hz, 3H; CH2CH3), 1.06–1.07 (m, 10H; CH2),
1.53 (s, 18H; tBu), 1.55 (s, 36H; tBu), 1.70–1.71 (m, 2H; SCH2CH2), 3.65
(br s, 1H; SCH2), 4.04 (br s, 1H; SCH2), 7.80 (t, J=1.8 Hz, 1H; p-Ar),
7.83 (t, J=1.8 Hz, 2H; p-Ar), 8.08 (s, 6H; o-Ar), 8.87 (d, J=4.8 Hz, 2H;
13,17-b), 8.92 (d, J=4.8 Hz, 2H; 12,18-b), 9.00 (s, 2H; 2,8-b), 9.88 ppm
(br s, 2H; 3,7-b); heterodimer (CD2Cl2, 400 MHz, 298 K): d=1.94–1.98
(m, 1H; SCH2), 2.18–2.22 (m, 1H; SCH2), 6.50 (d, J=4.4 Hz, 1H; 3-b),
7.74 (d, J=1.5 Hz, 1H; Ar), 7.87 (t, J=1.7 Hz, 1H; Ar), 7.90–7.91 (m,
2H; Ar), 7.98 (d, J=4.9 Hz, 1H; 7-b), 7.98 (d, J=4.4 Hz, 1H; 2-b), 8.01
(t, J=1.5 Hz, 1H; Ar), 8.03 (t, J=1.7 Hz, 1H; Ar), 8.31–8.32 (m, 2H;
Ar), 8.66 (d, J=4.9 Hz, 1H; 8-b), 8.79 (d, J=1.5 Hz, 1H; Ar), 8.85 (d,
J=4.4 Hz, 1H; pyrrole-b), 8.93 (d, J=4.9 Hz, 1H; pyrrole-b), 8.94 (d, J=


4.9 Hz, 1H; pyrrole-b), 8.96 ppm (d, J=4.4 Hz, 1H; pyrrole-b); homodi-
mer (CD2Cl2, 400 MHz, 298 K): d =1.94–1.98 (m, 1H; SCH2), 2.30–2.34
(m, 1H; SCH2), 6.61 (d, J=4.4 Hz, 1H; 3-b), 7.73 (d, J=4.4 Hz, 1H; 7-
b), 8.14 (d, J=4.4 Hz, 1H; 2-b), 8.71 ppm (d, J=4.4 Hz, 1H; 8-b); due to
the low S/N ratio, other peaks could not be assigned clearly; pyridine
adduct (CDCl3/[D5]pyridine, 400 MHz, 243 K): d=0.78 (t, J=6.8 Hz, 3H;
CH2CH3), 1.12 (s, 10H; CH2), 1.49 (s, 9H; tBu), 1.51 (s, 18H; tBu), 1.53
(s, 18H; tBu), 1.55 (s, 9H; tBu), 1.63–1.69 (m, 1H; SCH2CH2), 1.83–1.89
(m, 1H; SCH2CH2), 3.54–3.60 (m, 1H; SCH2), 4.14–4.19 (m, 1H; SCH2),
7.74 (s, 1H; p-Ar), 7.77 (s, 2H; p-Ar), 7.95 (s, 1H; o-Ar), 7.98 (s, 1H; o-
Ar), 8.02 (s, 1H; o-Ar), 8.06 (s, 2H; o-Ar), 8.13 (s, 1H; o-Ar), 8.91–8.94
(m, 4H; 12,13,17,18-b), 9.08 (s, 2H; 2,8-b), 9.83 (d, J=4.0 Hz, 1H; 3-b),
10.55 ppm (d, J=4.0 Hz, 1H; 7-b); MS (MALDI-TOF): m/z=1099 [M]+ ,
1083 [M�O]+ , 987 [M�C8H17]+ ; MS (ESI): m/z=2220 [2M+Na]+ .


5H2 : This compound was prepared from 3H2 (20 mg, 20 mmol) and
mCPBA (5.2 mg, 24 mmol) according to the procedure described for the
synthesis of 4H2 from 2H2. 5-Octylsulfinyl-10,15,20-tris(3,5-di-tert-butyl-
phenyl)porphyrin (5H2) was obtained as a purple solid (14 mg, 68%).
UV/Vis (toluene): l (e)=424 (400000), 519 (17800), 555 (9500), 592
(6000), 647 nm (3900m


�1 cm�1); 1H NMR (CDCl3, 300 MHz, 298 K): d=


�2.65 (s, 2H; NH), 0.77 (t, J=6.8 Hz, 3H; CH2CH3), 1.15 (br s, 10H;
CH2), 1.51 (s, 18H; tBu), 1.54 (s, 36H; tBu), 1.63–1.69 (m, 1H;
SCH2CH2), 1.87–1.93 (m, 1H; SCH2CH2), 3.52–3.58 (m, 1H; SCH2),
4.03–4.09 (m, 1H; SCH2), 7.79 (s, 1H; p-Ar), 7.82 (s, 2H; p-Ar), 8.03–
8.08 (m, 6H; o-Ar), 8.84–8.88 (m, 4H; 12,13,17,18-b), 9.01 (d, J=4.4 Hz,
2H; 2,8-b), 10.18 ppm (br s, 2H; 3,7-b); MS (MALDI-TOF): m/z=1036
[M]+ , 1020 [M�O]+ , 923 [M�C8H17]+ .


Optical Resolution of Zinc Sulfinylporphyrins


Optical resolution of the racemates of 4Zn and 5Zn was performed on a
Shimadzu Proinence GPC system equipped with a preparative chiral
HPLC column (DAICEL Chiralpak IA; 250L10 mm) with hexane/2-
propanol (100:1) as eluent. The flow rate and temperature were kept at
1.0 mLmin�1 and 25 8C, respectively. The enantiomeric excess was deter-
mined by comparison of the peak areas of two fractions. Although the
reason is unclear at present, 5Zn could not be resolved completely.


Determination of Ka of Zinc Sulfinylporphyrins


The Ka values of the optically active 4Zn homodimer (listed in [Eq. (1)])
were determined by the competitive-titration method with UV/Vis spec-
troscopy at 25 8C. The observed spectral changes in the titration experi-
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ments (for a representative result, see Supporting Information, Fig-
ure S12) were analyzed by using SPECFIT[35] according to Equations (3)–
(6), in which [M], [D], [M–L], and [L] refer to the concentrations of the


(S)-4Zn monomer, the (S)-4Zn homodimer, the (S)-4Zn–OSPh2 adduct,
and diphenyl sulfoxide, respectively. In these analyses, the association
constants between the 4Zn monomer and diphenyl sulfoxide (Ka’’) in tol-
uene and dichloromethane were also determined as 49 and 17m


�1, respec-
tively. The association constants between 10 and diorganyl sulfoxides
(Ka’) listed in Equation (2) were also determined by the titration meas-
urements according to Equations (7) and (8), in which [L] refers to the


concentration of diorganyl sulfoxides (OS(R)Ph; R=Ph, n-C8H17). The
self-association constants of the 4Zn heterodimers were calculated on the
basis of the hetero-/homodimer ratios of the 4Zn racemate and the Ka


values of the 4Zn homodimer. The approximate Ka values of the 5Zn
homodimer were determined by spectral-shape analysis at several con-
centrations by using ORIGIN. It was found that the Ka value of the 5Zn
homodimer is around 10 times larger than that of the 4Zn homodimer.


Determination of Oxidation Potentials of Zinc Sulfinylporphyrins


Electrochemical measurements were performed on a CH Instruments
model 660A electrochemical workstation with a glassy carbon working
electrode, a platinum wire counterelectrode, and an Ag/Ag+ (0.01m


AgNO3, 0.1m nBu4NPF6 in MeCN) reference electrode. The potentials
were calibrated with Fc/Fc+ (Emid=++0.20 V vs. Ag/Ag+). The number of
electrons for the oxidation processes was approximated by comparison of
the peak areas for both CV and DPV, although an unavoidable error is
involved due to an overlap between the second and third peaks. As no
further oxidation step was observed with a wider sweep, we concluded
that the electrochemical oxidation of zinc sulfinylporphyrins occurs
through 1e/1e/2e processes as was observed for zinc phosphorylporphy-
ACHTUNGTRENNUNGrins.[9]


DFT Calculations on Model Compounds


The structures of 5-phenylsulfinyl-10,15,20-triphenylporphyrinatozinc(II)
6 were optimized by using DFT calculations. The basis set used was 6-
31G ACHTUNGTRENNUNG(d,p).[36] The DFT functionals were the Becke 1988 exchange and the
Lee–Yang–Parr correlation functionals (B3LYP).[37] The optimized struc-
tures are depicted in Figure 5, and the bond lengths of the optimized
structures are shown in Table 2. All calculations were carried out with
the Gaussian 03 suite of programs.[38]
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