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Asymmetric Catalysis
Novel benzo[h]quinoline ligands (HCN1N), containing a
CHRNH2 function in the 2-position, were used to prepare
ruthenium and osmium complexes of general formula [MX-
ACHTUNGTRENNUNG(CN1N)(P2)] (M = Ru, Os; X = Cl, H, OR; P = PPh3 or
P2 = diphosphane), which are excellent catalysts for the
transfer hydrogenation of carbonyl compounds with 2-prop-
anol. For more details see the paper by W. Baratta et al. on
page 9148 ff.


Olefin Metathesis
In their Full Paper on page 9323 ff. , S. K. Collins and A.
Grandbois report that to improve asymmetric olefin meta-
thesis reactions, a combination of simple achiral olefins can
be used as additives and hexafluorobenzene can be used as
a solvent. As a result, hexafluorobenzene has been applied
in a novel protocol for the synthesis of enantioenriched
[7]helicene.


Higher Fungi
In his Concept article on page 9100 ff., P. Spiteller describes
how higher fungi have evolved a huge variety of defence
strategies based on toxins, fungicides, or bitter tasting com-
pounds that are either present permanently or are produced
only upon injury. In this paper different methods for the
identification of defence compounds and the elucidation of
defence mechanisms are discussed.
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Introduction


The inability of immobile organisms such as plants and
higher fungi to escape from attack by herbivores or fungi-
vores has lead to the evolution of a number of defence strat-
egies to deter enemies. While the chemical ecology of a vari-
ety of plants including their chemical defence has already
been studied in detail,[1] the chemical ecology of most higher
fungi[2] including their fruiting bodies has not been investi-
gated systematically so far. Rather, investigations on secon-
dary metabolites from fungi have mostly been aiming to iso-
late bioactive compounds as potential lead structures for the
development of new drugs or agents for crop protection.[3]


During these investigations higher fungi have turned out to
be a rich source of bioactive secondary metabolites.


Nowadays secondary metabolites—including those of
higher fungi—are considered to be produced intentionally
to provide the producer an advantage.[4] Both the mycelia
and the fruiting bodies of higher fungi are exposed to vari-
ous competitors and enemies. While the mycelia have to
compete with other fungi and bacteria for nutrition and
space,[5] the fruiting bodies are mainly endangered by myco-
parasitic fungi and fungivores[6] ranging from insects to
mammals including humans. For instance, fungal spores
have been identified in the feces of game animals such as
the roe deer, thus proving that these animals regularly con-
sume mushrooms.[7] Although the fruiting bodies of higher
fungi are usually short-lived entities, they are important for
the reproduction since they produce spores.[8] Consequently,
it can be expected that the reproduction of fungi is im-


proved if the fruiting bodies are protected at least until the
spores are fully developed.


Fruiting bodies of fungi often produce toxins and pungent
or bitter compounds in order to deter fungivores. For mam-
mals it has been shown that they learn to avoid these species
even if intoxications occurred not immediately after inges-
tion.[9] In contrast, the mycelia of several saprophytic fungi
contain fungicides to secure nutrition and space to them-
selves.[5]


Even if the ecological role of many fungal secondary me-
tabolites is still obscure, the existing investigations clearly
demonstrate that chemical defence strategies are not only
used by plants but also by fungi. So far, at least three types
of chemical defence mechanisms are known. Constitutive
chemical defence mechanisms are based on secondary me-
tabolites that are present permanently in their bioactive
form. In contrast, wound-activated defence mechanisms rely
on the enzymatic conversion of an inactive precursor to the
active agent which occurs only transiently upon activation
by injury.[10] Induced chemical defence mechanisms involve
the de novo synthesis of bioactive compounds which is initi-
ated on demand.[10]


Representative examples for the different types of chemi-
cal defence in fungi together with the underlying concept
for their elucidation are presented in this concept article.
The comparative metabolic screening of intact and wounded
species has recently turned out to be a promising approach
for the detection of wound-activated chemical defence
mechanisms in this context.


Constitutive Chemical Defence


The elucidation of constitutive chemical defence mecha-
nisms usually requires the observation of a response of an
organism against its potential enemies. In general, bioactive
compounds can be isolated by means of a bioassay-guided
fractionation of extracts of the corresponding organism.
After the structure elucidation of a bioactive compound, its
potential ecological role may be evaluated by analysing its
activity towards appropriate test organisms.


The means for the isolation, structure elucidation and the
testing of compounds were mainly developed during the last
hundred years. During the past century natural products re-
search mainly concentrated on the isolation of bioactive
constituents from plants,[11] while even the structures of im-
portant fungal toxins had not been elucidated by the middle
of the last century.


Toxins as constitutive chemical defence : Even in ancient
times some toxic, bitter or pungent properties directly
linked to the chemical defence of certain mushrooms were
known and exploited. For instance, the Roman emperor
Claudius was probably poisoned with fruiting bodies of the
death cap (Amanita phalloides) by his own wife, Agrippina,
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in the year 54.[12] The fruiting bodies of A. phalloides, the
most poisonous toadstool in Europe, contain a variety of
cyclic octapeptides, such as a-amanitin (1) which are respon-
sible for its toxicity (Figure 1).[13] The toxicity of the amani-
tins is caused by an allosteric inhibition of the human RNA
polymerase II.[14]


Another prominent mushroom containing constitutive de-
fence compounds is the fly agaric (Amanita muscaria) which
has been used for centuries as hallucinogenic drug.[15] The
name fly agaric (German: Fliegenpilz, French: amanite tue-
mouches) points to its insecticidal properties. Konrad von
Megenberg reported as early as the year 1350 that a mixture
of milk and pieces of the fly agaric can be used to kill
flies.[16] These are stunned and drown subsequently in the
milk. The toxic constituents of the mushroom were found to
be ibotenic acid (2), muscimol (3) and muscarine (4).[15]


While ibotenic acid interferes with the glutamic acid recep-
tor, muscimol as structural analogue of g-aminobutyric acid
(GABA) binds to the GABA receptor.[15] Consequently, ibo-
tenic acid and muscimol act as neurotoxins leading to confu-
sion and dizziness.


In contrast to the well-known toxic properties of A. phal-
loides and A. muscaria, the deleterious effects of fruiting
bodies of Cortinarius orellanus and Cortinarius rubellus
were not recognised until the 1950s when a mass intoxica-
tion in Poland caused several casualties.[17] Probably, these
toadstools had not been identified earlier as cause of the in-
toxication, since their ingestion leads to renal failure which
only becomes evident after several days.[18] In rats, ingestion
both of lethal and sublethal doses of orellanine led to symp-
toms of sickness already after several hours, while lethal


doses caused death after three to five days.[19] The structure
of the toxic principle, orellanine (5), was elucidated in
1979.[20] However, until recently, it had been overlooked that
orellanine is present in form of its 4,4’-diglucoside in C. ru-
bellus.[21] The glucoside is relatively unstable and it was evi-
dently hydrolysed during the original work-up procedure.


Other known fungal toxins are gyromitrin (6)[22] occurring
in Gyromitra esculenta, the hallucinogenic compounds psilo-
cin (7) and psilocybin (8)[23] present in many Psilocybe spe-
cies, acromelic acid A (9)[24] from Clitocybe acromelalga and
vulpinic acid (10) from Pulveroboletus ravenelii.[25] Vulpinic
acid, also occurs in the lichen Letharia vulpina which was
used to kill foxes and wolves.[25]


Even today, mushroom species which were previously
considered to be edible can turn out to be dangerous. For in-
stance, Tricholoma equestre was considered to be a delicious
species among edible mushrooms until 2001. However, in
that year two casualties were reported from France which
were linked to repeated ingestion of T. equestre.[18,26] So far,
the toxic principle of this species remains unknown.


Although there have not been many investigations of the
efficacy of toxins in protecting fruiting bodies of fungi from
feeding animals, studies with the fungivorous opossum Di-
delphis virginiana provided evidence that this animal learns
to avoid toxic fungi, such as the muscimol (3) containing A.
muscaria.[27]


Bitter and pungent compounds as constitutive chemical de-
fence : Aside from toxins, bitter or pungent tasting com-
pounds are widespread in the fruiting bodies of many differ-
ent genera of fungi (Figure 2) where they obviously serve
fungi to deter predators. In general, not only humans but
also many mammals consider the taste of those compounds
to be unpleasant. For instance, the fungivorous opossum
avoids most species which exhibit a bitter and pungent taste
to humans.[27] The characteristic bitter taste of Boletus calo-
pus and Boletus radicans is mainly caused by the sesquiter-
penoid O-acetylcyclocalopin A (11).[28] The fungus Sarcodon
scabrosus contains several bitter diterpenes, such as sarcodo-
nin A (12).[29] Ganoderic acids A (15) and B are bitter triter-
penes from the Ganoderma lucidum.[30] Bitter taste is not re-
stricted to terpenes. For instance, the bitter taste of Tricho-
loma lascivum is attributed to the cyclohexenone derivative
lascivol (13).[31] Bitterness is also characteristic of many al-
kaloids, for example, the indole alkaloid infractopicrin (14)
is responsible for the highly bitter taste of Cortinarius in-
fractus.[32]


The fruiting bodies of Chalciporus piperatus (German:
Pfefferrçhrling) exhibit a pungent, peppery taste which has
been attributed to the azepine alkaloid chalciporone (16).[33]


In particular, many Lactarius and Russula species are
known to develop a pungent taste a few seconds after injury
originating from sesquiterpenoid compounds. However,
these pungent compounds are only produced upon injury
and will therefore be discussed later.


Despite at least thirty years of research of flavour compo-
nents from mushrooms, the bitter or pungent principles of


Figure 1. Toxins from fruiting bodies of macrofungi as constitutive de-
fence compounds.
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some common species are still unknown. For instance, this is
so for the compound responsible for the bitter taste of the
inedible fruiting bodies of Tylopilus felleus which is often
confused with the delicious mushroom Boletus edulis.


Pigments of fruiting bodies : Fruiting bodies of fungi are
often very colourful, which attracted the interest of chemists
early on.[34] The investigations on these pigments revealed
that they represent a huge variety of different compounds[34]


including alkaloids,[35] aromatics,[36] polyenes[37] and even
metal complexes.[38] However, the ecological role of these
compounds is probably linked rather to their bioactivity
than to their colour, although the bright colours of some
mushrooms might be interpreted as a warning signal. For in-
stance, yellow and red anthraquinone pigments are known
to exhibit laxative properties[39] thus repelling animals. Red
pyrroloquinoline alkaloids occurring in several Mycena spe-
cies possess an ortho-quinone moiety which is able to react
with amine residues in proteins.[40] However, in general the
ecological role of various pigments still remains obscure.


Fungicides : In the examples presented so far, isolation of
secondary metabolites from fruiting bodies of mushrooms
was based on the observation of certain properties (e.g.
taste or toxicity) in their natural habitat. The detection of
the antibiotic activity of the penicillins from the microfungus
Penicillium notatum in the year 1928 had a great impact on
natural product research in many respects.[41] Firstly, the ex-
perience obtained with the cultivation of bacteria[41] was
also successfully applied to develop cultivation methods for
plant cells[42] and the mycelia of macrofungi.[43] The cultiva-
tion of mycelial cultures of macrofungi made it possible to
perform experiments throughout the whole year in contrast
to investigations with fruiting bodies whose seasonally-de-
pendent occurrence in nature is unreliable. Secondly, more
and more microorganisms became available for bioactivity
testing.[41] Hence, the bioactivity of fungal extracts and iso-
lated new compounds could now be evaluated for a large
panel of test organisms.[41] Typically, those tests were direct-


ed towards the isolation of compounds suitable as new lead
structures for the development of drugs[41] and not towards
the elucidation of the ecological role of secondary metabo-
lites from higher fungi. Nevertheless, screening of natural
products with respect to a diverse panel of test organisms is
often also useful to decipher their original ecological roles.


Despite these advancements, a systematic cultivation and
bioactivity-guided screening of macrofungi, such as basidio-
mycetes, was only begun thirty years ago, since their cultiva-
tion is often hampered due to their slow growth rate.[43]


On account of the differing functions of fruiting bodies
and mycelia, mycelial cultures of a fungus often generate
different natural products than the corresponding fruiting
bodies.[6] Hence, the screening of mycelial cultures delivered
a great variety of new bioactive natural products. One of the
most prominent examples is the detection of the strobilurins,
a class of antifungal compounds which was isolated first
from mycelial cultures of the basidiomycete Strobilurus te-
nacellus.[44] The strobilurins, such as strobilurin A (17)[45] or
strobilurin I (18),[46] contain a b-methoxy acrylate moiety as
pharmacophore (Figure 3).


The strobilurins are able to bind reversibly to the ubihy-
droquinone oxidation centre (Qp) of the cytochrome bc1


complex of fungi, thus inhibiting the electron transfer in the
fungal respiratory chain.[47] On account of their potent anti-
fungal activity, the strobilurins served as lead structures for
several commercially available products such as kresoxim-
methyl and azoxystrobin which are currently broadly used
as agricultural fungicides.[48]


In agreement with their bioactivity, investigations on the
ecological role of the strobilurins demonstrated that S. tena-
cellus (German: KiefernzapfenrDbling), is able to prevent
the growth of other fungi on the pine cone where the fungus
grows.[5]


Apart from the strobilurins, a number of other fungicides,
such as pterulinic acid (19),[49] 4-O-acetyl hygrophorone A
(20),[50] favolon (21)[51] or alcalinaphenol A (22),[52] have
been isolated from mycelial cultures or fruiting bodies of
higher fungi (Figure 3). Obviously, fungicides are wide-


Figure 2. Selected bitter and pungent compounds from fruiting bodies of
macrofungi.


Figure 3. Selected fungicides from cultures and fruiting bodies of macro-
fungi.
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spread particularly in saprophytic fungi. The release of fun-
gicides from their mycelia into their growth substrate means
that they are able to prevent other species from growing in
their surrounding, thus ensuring that other species do not
compete with them for nutrients and space.


Both the detection of a new lead structure and the eluci-
dation of a new chemical defence mechanism in higher
fungi usually require a biological screening with appropriate
test organisms. In contrast, the detection of bioactive com-
pounds possessing a known structural element responsible
for a certain bioactivity is sometimes also possible by a GC-
MS or LC-MS screening. For instance, chlorinated phenols
usually possess antifungal properties and exhibit characteris-
tic EI mass spectra. Accordingly, a GC-MS screening of tri-
methylsilylylated methanolic extracts from different Mycena
species led to the identification of new chlorinated phenols,
such as alcalinaphenol A (22), from mycelial cultures of
Mycena alcalina.[52]


Wound-Activated Chemical Defence


Since wound-activated chemical defence mechanisms are
based on the activation of enzymes which convert an inac-
tive precursor to the active agent, the elucidation of a
wound-activated defence mechanism requires not only the
elucidation of the chemical structure of the active com-
pound but also of its inactive precursor, together with the
conversion mechanism and the mode of action of the active
agent towards potential parasites or fungivores.


History : It has been known for centuries that many mush-
rooms react with a change of their colour,[53] taste or odour,
if they are mechanically injured. Especially colour changes,
for instance, the blueing of certain boletes attracted the in-
terest of chemists very early[53] and led to the elucidation of
the structures of many mushroom pigments.[34] However,
often the structure of the corresponding precursor remained
unknown and a potential role of these compounds in the
chemical defence was usually not recognised. Similarly, bio-
activity-driven investigations on new compounds ended in
many cases when the structure and the activity of the natu-
ral product had been elucidated. In contrast, the presence of
the inactive precursor in the intact organism often remained
unknown, mainly for two reasons. Firstly, a compound which
does not show biological activity usually escapes detection,
secondly it was often not recognised in the past that the en-
zymes which are responsible for the conversion of an inac-
tive compound to an active one are activated instantly after
injury during the work-up procedure. Therefore, even today
only a limited number of examples are known of wound-ac-
tivated defence mechanisms from higher fungi and many of
these mechanisms were more or less detected by accident,
for instance, when a known bioactive compound was missing
in intact fungi. This is exemplified by the detection of a
large number of sesquiterpene aldehydes and alcohols iso-
lated from many Lactarius species in the 1970s


(Scheme 1).[54] Reports in the 1980s, of qualitative and quan-
titative differences in the sesquiterpene content and on the
occurrence of compounds which were considered to be ex-
traction artefacts led to a reinvestigation of the sesquiter-
penes of Lactarius vellereus.[55] An analysis of the extracts of
intact and artificially wounded fruiting bodies by thin layer
chromatography revealed significant differences in their me-
tabolite profiles.[55] While the then unknown precursor stear-
oylvelutinal (29) (Scheme 1) turned out to be the predomi-
nant sesquiterpene present in intact fruiting bodies, the bio-
active sesquiterpene aldehydes and alcohols only occurred
in injured fruiting bodies.[55]


These observations had a considerable impact on the re-
search of fungal natural products, since it demonstrated un-
ambiguously that wound-activated chemical defence is not
restricted to plants but also occurs in fungi. Consequently,
many other Lactarius and Russula species were investigated
for the presence of wound-activated chemical defence mech-
anisms.[56] However, systematic screening of large numbers
of different fruiting bodies for wound-induced chemical de-
fence mechanisms did not start until the 1990s.


Methods for the elucidation of wound-activated defence
mechanisms : In general two methods are applicable both of
which utilise the differences between intact and injured
fruiting bodies.


The first method is based on comparison of the bioactivity
of extracts from intact and injured fruiting bodies. Only spe-
cies which show an increased bioactivity in the extracts of
wounded fruiting bodies compared with those of intact ones
are likely to contain compounds involved in a wound-acti-
vated chemical defence mechanism. So far, a large number
of injured and intact fruiting bodies of fungi have been in-
vestigated for antifungal, antibiotic, nematicidal and insecti-
cidal activity and several species have been identified which
exhibit an increased bioactivity upon wounding.[6] However,
this comparative biological screening only reveals the exis-
tence of wound-activated chemical defence mechanisms, but
not the responsible compounds or the mechanism of the
chemical defence. The bioactive agents can be identified by
subsequent bioactivity-guided fractionation of the crude ex-
tract, but the inactive precursors still remain unknown.


In contrast to the bioactivity-guided comparative screen-
ing, the second method for the elucidation of wound-activat-
ed chemical defence mechanisms, namely comparative meta-
bolic screening, is based on a comparison of the metabolite
pattern of extracts from intact and injured fruiting bodies.[57]


Secondary metabolites which are only present in significant
amounts in injured fruiting bodies are potential candidates
for defence compounds, while secondary metabolites which
are only present in intact fruiting bodies might be their po-
tential precursors. In contrast to the comparative biological
screening of crude extracts, the comparative metabolic
screening allows often recognition of the relationship be-
tween precursor and the corresponding defence compound,
especially if the metabolic screening is performed by LC-
UV, LC-ESIMS or GC-EIMS, since the precursor and the
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corresponding active metabolite usually share structural ele-
ments which are reflected in similar UV spectra, MS/MS
spectra or fragmentation patterns in the GC-EIMS. A
recent example is the elucidation of the chemical defence
mechanism of Mycena galopus (Figure 4).[57]


The physiologically active benzoxepine alcohols such as
25 and (E/Z)-26 were only present in injured fruiting bodies,
while the corresponding inactive esters such as 23 and (E/
Z)-24 mainly occurred in intact fruiting bodies.[57] The close
relationship of both compounds was easily recognisable
since the EI spectra of the benzoxepine esters 23 and (E/Z)-
24 and of the trimethylsilyl derivatives 27 and (E/Z)-28 of
the benzoxepine alcohols exhibit the same key fragments
(Figure 5).


The comparative metabolic screening had already been
used in the 1970s and 1980s, for instance, to elucidate the
chemical defence mechanism of L. vellereus by comparison
of thin layer chromatograms. However, the comparative
metabolic screening became only recently a very sensitive
and powerful tool for the elucidation of wound-activated
chemical defence mechanisms as a result of the develop-
ment of new analytical methods, such as sensitive LC-ESI
mass spectrometry. Hence, now only small fragments of a
fruiting body are required to detect differences in the me-
tabolite pattern of intact and injured species. Moreover, sen-
sitive LC-HR-ESIMS instruments now permit the direct de-
termination of the molecular composition of whole mole-
cules and of key fragments, thus confirming the relationship
of a potential precursor and the corresponding bioactive de-


fence compound. LC-NMR might also be applied in the
future, but so far the method is expensive and not very effi-
cient due to the relatively low sensitivity of NMR instru-
ments compared to that of mass spectrometers.


Although comparative metabolic screening allows the de-
tection of the conversion of a compound to another one
upon wounding additional bioactivity tests are required to
confirm that an inactive precursor is transformed to a com-
pound which exhibits activity against potential parasites or
predators.


Classification of wound-activated defence mechanisms : In
general, wounding of any organism leads to activation of a
number of different types of enzymes. This is also the case
with fruiting bodies of mushrooms. Three classes of enzymes
in particular play an important role: Hydrolytic enzymes
(esterases, proteases or glucosidases), phenol oxidases and
lipoxygenases. As a consequence, there are three different
main types of wound-activated chemical defence strategies
known for fungi:


* hydrolysis of esters,
* oxidation of phenols and
* lipid peroxidation


Hydrolysis of esters : Wound-activated defence mechanisms
based on the hydrolysis of esters are widespread among
many fungi.


As already mentioned many Lactarius and Russula spe-
cies contain stearoylvelutinal (29). Upon injury, 29 is saponi-
fied and the instable free velutinal (30) is transformed to
pungent tasting aldehydes such as velleral (31), isovelleral
(32) or the corresponding alcohols vellerol and isovellerol
(Scheme 1).[55]


The efficacy of this defence mechanism was demonstrated
in a study with the opossum Didelphis virginiana which
avoids isovelleral-generating mushrooms.[27] In addition, the
dialdehydes possess potent antibiotic and cytotoxic proper-
ties.[58] Moreover, isovelleral (32) is a potent selective insec-
ticide against Tribolium confusum.[59] These effects are appa-
rently based on the general ability of a,b-unsaturated alde-


Figure 4. Comparative metabolic screening by GC-MS of trimethylsilylat-
ed methanolic extracts from intact and injured fruiting bodies of Mycena
galopus.


Figure 5. Key ions in the EI-MS of benzoxepines from Mycena galopus.


Scheme 1. Wound-activated chemical defence mechanism of Lactarius
vellereus.
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hydes, such as velleral (31) and isovelleral (32), to react with
nucleophiles, for instance with the basic e-amino group of
lysine residues in proteins, thus inactivating enzymes.[60]


The ability of 1,4-dialdehydes to covalently bind primary
amine residues in proteins has also been linked to their hot
taste.[61] Moreover, the chemical defence by a,b-unsaturated
dicarbonyl compounds is relatively widespread in nature.
These compounds are not only produced upon injury of
mushrooms (Scheme 1) but also upon wounding of terrestri-
al plants,[62] algae[63] and even of animals.[64] Thus, upon
injury the algae Caulerpa taxifolia transforms the inactive
acetate caulerpenin to the reactive aldehyde oxytoxin 2,[63]


while the mollusc Dendrodoris limbata converts olepupane
to the hot tasting polygodial.[64]


In general, terpene esters are widespread in fruiting
bodies of Russulaceae.[65] For instance, the fruiting bodies of
Lactarius porninsis contain mild flavoured farnesane esters
such as 33.[66] Upon injury, the fruiting bodies develop a
bitter taste and the farnesane esters are hydrolysed to por-
ninsol (34) which is subsequently oxidised to the reactive
a,b-unsaturated aldehyde porninsal (35) (Scheme 2).


Wounding the fruiting bodies of Lactarius deliciosus and
Lactarius deterrimus leads to the hydrolysis of the guaiane
ester 36 and subsequent conversion of the free alcohol 37 to
the aldehydes delicial (38) and lactaroviolin (39)
(Scheme 3).[67]


In contrast to the bioactive dialdehydes of L. vellereus,
the bioactivity of porninsal (35), delicial (38) and lactarovio-
lin (39) is less well investigated. Moreover, L. deliciosus and
L. deterrimus are edible mild flavoured mushrooms which
are consumed in large quantities by humans.[67] Therefore,


further investigations are required to confirm the presence
of a wound-activated defence mechanism in these mush-
rooms.


Unlike many Lactarius species which contain terpene
esters, in intact fruiting bodies of Lactarius fuliginosus and
Lactarius picinus a tasteless phenol ester 40 turned out to be
the precursor of the acrid tasting antifungal-active free
phenol 41 which is gradually oxidised to a mixture of benzo-
furan and red chromene pigments such as 42 (Scheme 4).[68]


Wound-activated defence mechanisms based on the hy-
drolysis of esters are not restricted to Lactarius and Russula
species but also occur in Mycena galopus (German:
Weißmilchender Helmling) which releases a white latex if
the fruiting bodies are bruised.[57] As already mentioned, a
GC-MS screening of the ethyl acetate extracts of intact and
injured fruiting bodies recently revealed that the latex of
intact fruiting bodies contains inactive benzoxepine esters
such as (E/Z)-28 which are hydrolysed to the corresponding
antifungally active free alcohols such as (E/Z)-30, thus pro-
tecting the tiny fruiting bodies from yeasts and fungi (Fig-
ures 4 and 5 and Scheme 5).


Interestingly, the benzoxepine esters and the esterase re-
sponsible for their saponification are evidently stored in sep-
arate compartments in the intact fruiting bodies, since the
benzoxepine esters in the latex were only hydrolysed if the
latex was mixed with homogenised fungal tissue.[57]


In contrast to the wound-activated defence mechanisms
discussed so far, the bioactive compound in Paxillus atroto-
mentosus is derived from the acid moiety.[69] Upon injury of
the fruiting-bodies the inactive leucomentins such as leuco-
mentin-3 (43) are hydrolysed and subsequently converted to
atromentin (44), (+)-osmundalactone (45) and butenolide
46 (Scheme 6).[69] Butenolide 46 and (�)-osmundalactone
are known as feeding deterrents from leaves of the fern Os-
munda japonica.[70] Although atromentin (44) had already


Scheme 2. Wound-activated hydrolysis of stearoylporninsol in Lactarius
porninsis.


Scheme 3. Wound-activated hydrolysis of a dihydroazulene ester in Lac-
tarius deliciosus.


Scheme 4. Wound-activated hydrolysis of a phenol ester in Lactarius fuli-
ginosus.


Scheme 5. Chemical defence by hydrolysis of esters in Mycena galopus.
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been identified in 1928 as the brown constituent of the
mushroomMs surface,[71] it was not recognised until 1989 that
the flesh of intact fruiting bodies contains precursors of atro-
mentin as decisive constituents of a wound-activated chemi-
cal defence mechanism.[69]


Oxidation of phenols : Fungi have developed various, some-
times even unique wound-activated chemical defence reac-
tions which involve the oxidation of phenols.


While hydrolysis but not the oxidation of the above men-
tioned flavomentins to atromentin is the initial step in the
wound-activated chemical defence of P. atrotomentosus,[69] in
some other fungi an oxidation reaction is the key step to ac-
tivate their chemical defence.


For instance, this applies to the defence of the orange
fruiting bodies of the carrot truffle (Stephanospora carotico-
lor) which is a rare gasteromycete.[72] The antifungal proper-
ties of the fungus were attributed in 1989 to the presence of
2-chloro-4-nitrophenol (48) in injured fruiting bodies. Some
years later, a comparative HPLC-UV screening of intact
and injured fruiting bodies revealed that intact fruiting
bodies exclusively contain the inactive precursor stephano-
sporin (47) which is structurally related to 2-chloro-4-nitro-
phenol (48).[72] In the year 2001 the mechanism of the
wound-activated chemical defence reaction was elucidated
by oxidation of synthetic stephanosporin (47) under differ-
ent conditions and by analysis of the products generated.
According to these investigations stephanosporin is first oxi-
dised to the diazene 49. Subsequently, this activated acid de-
rivative looses succinic acid anhydride. The 2-chloro-6-dia-
zenyl-4-nitrophenol (50) generated is decomposed to nitro-
gen and 2-chloro-4-nitrophenol (48) (Scheme 7).[72]


The “traceless” loss of the side chain in stephanosporin is
a principle which is also exploited in the form of hydrazide
anchors in solid phase synthesis.[73]


A similar oxidative degradation mechanism yields the bio-
active 4-diazo-2,5-cyclohexadien-1-one from the 4-hydroxy-
phenylhydrazone leucoagaricone.[74]


Similarly, the chemical defence of the crust fungus Aleuro-
discus amorphus is initiated by enzymatic oxidation of the
tailor-made cyanohydrin ether aleurodisconitrile (51).[75]


Upon injury hydrocyanic acid and aleurodiscoester (52) are


generated from 51 via an oxidative mechanism so far un-
known in nature. Artificial oxidation of model compounds
with MnO2 revealed the mechanism of the wound-activated
defence reaction. In the initial step aleurodisconitrile (51) is
oxidised to the corresponding ortho-quinone which subse-
quently rearranges to quinonemethide 53. Formal addition
of water leads to the intermediate 54. By elimination of hy-
drocyanic acid aleurodiscoester (52) then is generated
(Scheme 8).[75]


Oxidation reactions in mushrooms are often initiated by
rather unspecific tyrosinases or other enzymes with a similar
function which are widespread in fungi and which only
become active upon injury.[76] The oxidative degradation
mechanism of aleurodisconitrile (51) to aleurodiscoester
(52) and HCN differs fundamentally from that via oxidation
of glycine in bacteria,[77] but also from the hydrolytic degra-
dation of cyanogenic glycosides in plants.[78] While the ease
of hydrolysis of the glycosidic bond by glycosidases is essen-
tial in plants, the high oxidisability of the aromatic residue is
decisive in A. amorphus.[75]


Oxidases are also responsible for many colour reactions
which occur upon injury of mushrooms.[34] For instance, the


Scheme 6. Wound-activated hydrolysis of leucomentin esters in Paxillus
atrotomentosus.


Scheme 7. Oxidative chemical defence mechanism in Stephanospora caro-
ticolor.


Scheme 8. Oxidative chemical defence mechanism in Aleurodiscus amor-
phus.
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blueing of many boletes upon bruising of the fruiting bodies
has been attributed to the oxidation of variegatic acid,[79] xe-
rocomic acid[80] or of gyrocyanin[81] to hydroxyquinoneme-
thide anions. However, it is not yet known in most cases
whether these reactions also play a role in the wound-acti-
vated chemical defence.


Lipid peroxidation : In general, eukaryotic organisms re-
spond upon wounding not only by activation of hydrolysing
enzymes but also by activation of lipoxygenases.[82] These
enzymes usually oxidise unsaturated fatty acids to hydroper-
oxy fatty acids which are then converted to a variety of deg-
radation products.[82]


Fungi possess a typical mushroom lipoxygenase which oxi-
dises linoleic acid (55) upon injury to (8E,12Z,10S)-10-hy-
droperoxy-8,12-octadecadienoic acid (56).[83] The latter then
suffers enzymatic cleavage to (3R)-1-octen-3-ol (57) and
(8E)-10-oxo-8-decenoic acid (58) (Scheme 9).[83] The sub-


strate for the lipoxygenase, linoleic acid (55), is generated
from lipids upon wounding by the activation of hydrolases.


(3R)-1-Octen-3-ol (57) has been found in many mush-
rooms[84] and is responsible for the typical odour of fresh
fruiting bodies.[85] Upon injury of fruiting bodies the odour
intensifies, since the production of 57 increases dramatical-
ly.[86]


(8E)-10-Oxo-8-decenoic acid (58), possessing an a,b-unsa-
turated aldehyde moiety, was also detected in increased
amounts after the wounding of mushrooms, such as Maras-
mius oreades, Cantharellus tubaeformis or Lepista nebula-
ris.[87] (8E)-10-Oxo-8-decenoic (58) seems to stimulate the
stipe elongation and the mycelial growth of Agaricus bispo-
rus,[88] while both (3R)-1-octen-3-ol and (8E)-10-oxo-8-dece-
noic acid also exhibit antifungal activities for instance
against mycelia of Penicillium expansum[89] indicating that
these compounds might play a role in the wound-activated
chemical defence of mushrooms.


Despite the fact that numerous volatiles derived from
plants—which are often either lipid peroxidation products
or terpenoid compounds—serve defence purposes,[90] there
have only been a few investigations on the ecological role of
volatiles detected in mushrooms. For instance, (3R)-1-octen-
3-ol seems to attract certain wood-living beetles.[91]


Induced Chemical Defence


Induced chemical defence is usually associated either with
the de novo synthesis or a drastic increase in the production
of constitutive defence compounds. In contrast to a wound-
activated chemical defence which instantly activates en-
zymes in order to convert a precursor to the corresponding
defence compound, in an induced defence mechanism the
response often takes several hours, since it involves signal
transduction leading to the activation of genes and an induc-
tion of the de novo biosynthesis of a defence compound. An
induced chemical defence mechanism has the advantage
that the energy-consuming biosynthesis of defence com-
pounds is only initiated in response to an external danger
thus saving valuable resources which can be used for an in-
creased growth rate.


In general, induced chemical defence mechanisms can be
detected by a comparative metabolite profiling as used for
the investigation of wound-activated chemical defence strat-
egies. In contrast to a wound-activated chemical defence
mechanism, in an induced chemical defence mechanism no
precursor can be detected in an unaffected organism, but
monitoring of the metabolite pattern of the stressed organ-
ism after different periods of time shows an increase of de-
fence compounds.


Induced chemical defence is widespread in plants. Upon
wounding hormones, such as jasmonic acid,[92] ethylene[93]


and salicylic acid[92] are generated and trigger induced chem-
ical defence of plants[94] by activation of genes leading to the
induction of the de novo biosynthesis of phytoalexins[95] for
their chemical defence and of volatiles such as terpenes for
their communication.[94] Moreover, predators of herbivores
can be attracted by volatiles emitted from injured plants,
thus serving as a kind of bodyguard.[94]


So far, little is known about induced chemical defence in
fungi and it has not been reported whether fungal volatiles
such as 57, which are produced upon injury, may be able to
stimulate induced chemical defence reactions. However, 57
induces defence responses in plants.[96] Even the upregula-
tion of the production of constitutive defence compounds in
fungi in dependence on external stress has usually not been
investigated, thus requiring future research. However, in the
case of the strobilurins, it has been shown, that the produc-
tion of strobilurins increases significantly, if competing fungi
are present in the mycelial cultures suggesting the presence
of an induced chemical defence in the mycelium of Strobilu-
rus tenacellus.[97]


Conclusion


Like plants, higher fungi have evolved a huge variety of re-
sponses to injury. Besides potent toxins as constitutive de-
fence compounds wound-activated defence mechanisms are
common in fruiting bodies of higher fungi. These are based
on the enzymatic transformation of an inactive precursor
molecule to a biological active compound. However, in the


Scheme 9. Generation of (3R)-1-octen-3-ol by lipid peroxidation in mush-
rooms.
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past wound-activated defence mechanisms have often been
overlooked, as a result of inappropriate work-up procedures
and a strong bias towards bioactive compounds, but not on
their generation or their ecological role. Hence, some more
known bioactive natural products now regarded as constitu-
tive defence compounds might turn out to be generated
only upon wounding. A consequent comparative metabolic
screening of intact and injured fruiting bodies is therefore
expected to reveal more wound-activated chemical defence
mechanisms in the future. Moreover, comparative metabolic
profiling will also contribute to the identification of new nat-
ural products.
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Switchable Nanoassemblies from Macroions and Multivalent Dye
Counterions


Immanuel Willerich and Franziska Grçhn*[a]


Supramolecular assemblies obtained by self-organization
of small building units are of high interest due to the poten-
tial for easily designing complex nanostructures with tai-
ACHTUNGTRENNUNGlored physical, chemical, and biological properties.[1] Inspira-
tion originates from natural supramolecular assemblies with
a variety of architectures and functions from cell mem-
branes to DNA–histone complexes. The main advantage of
association through noncovalent interactions over a molecu-
lar synthetic design is the capability for rearrangements,
leading to “self-healing” or “switchable” systems that can
respond to external triggers. Possible applications are in
medicine, information technology, and optoelectronics. With
regard to the growing field of nanotechnology, it is thus
highly desirable to develop new concepts for self-assembly
and responsive nanostructures.
Classical self-assembly of surfactant molecules into mi-


celles is driven by hydrophobic interactions. Amphiphilic
block copolymers widen this concept to a variety of struc-
tures and applications from carrier systems to sensors.[1d]


Aesthetic supramolecular structures are based on hydrogen
bridging, but are restricted to unpolar solvents.[2] New ap-
proaches thus focus on specific building blocks for self-as-
sembly in polar solution, for example, bis-zwitterions[3] or
biosynthetic copolymers;[4] however, special synthetic design
is required. It is therefore of interest to extend the area of
self-assembly in aqueous solution to a broader field of struc-
tures and functionalities. The challenge in particular is to
use a combination of available building units that form
supramolecular assemblies. In view of environmental and
medical applications the preference is on aqueous solutions.
This can be realized with ionic building blocks: Ionic dye
molecules can associate with oppositely charged polyelectro-


lytes in aqueous solution. The binding is cooperative, that is,
secondary interaction of the dyes’ p systems causes a prefer-
ence of adjacent rather than random binding. Spectroscopic
studies with monovalent dyes exist since the 1970s, but
nanoscale structures of the systems have not been ex-
plored.[5] Secondary interaction is also the key to well-de-
fined, solid, nanostructured materials with ionic surfactants,
in which hydrophobic interaction is induced upon binding to
polyelectrolytes[6] or multivalent organic ions.[7] In contrast,
relying solely on p–p interactions for the formation of ag-
gregates yields less structural variety and aggregates often
are not stable over time.[8]


Herein we investigate supramolecular structures formed
by electrostatic self-assembly of macroions and multivalent
dye counterions in aqueous solution. In addition to a certain
size and valency the counterions have the possibility to per-
form mutual p–p interaction and thus allow a “directed”
structure formation. Currently we have shown that polyelec-
trolyte dendrimers and naphthalene dicarboxylic acids in
methanol can form cylindrical and spherical aggregates.[9] To
develop “switchable structures” and to use aqueous solu-
tions, we have chosen the following model system
(Scheme 1): We use fourth-generation (G4) poly(amido-


[a] I. Willerich, Dr. F. Grçhn
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (+49)6131-379-100
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801167.


Scheme 1. Building blocks for electrostatic self-assembly: poly(amido-
ACHTUNGTRENNUNGamine) dendrimer macroion (G1 to visualize the chemical structure, G4
was used in this study) and counterion Acid Red 26.
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ACHTUNGTRENNUNGamine) (PAMAM) dendrimers as well-characterized mole-
cules with a certain structure yet relatively large flexibili-
ty.[10] It should be emphasized that our goal is not to use the
dendrimer as a host for guest molecules to be included in
their interior as in other studies.[11] In contrast, ionic dyes
connect multiple dendrimers to form larger aggregates. The
G4 dendrimer is a cationic macroion with 64 charges at
pH 6.5 (primary amine groups protonated) and 126 charges
at pH 3.5 (also tertiary amine groups protonated).[12] The
“linker” is the oppositely charged water-soluble divalent azo
dye with two strongly acidic sulfonate groups (Ar26). It has
the advantage that the optical spectrum changes upon stack-
ing, but not much when varying other parameters such as
pH, solvent polarity, and salt concentration.
Adding increasing amounts of dendrimer to a solution of


dye changes the color from red to yellow (Figure 1a). Fig-
ure 1b shows the UV/Vis spectra of the pure dye. Upon in-


creasing concentration, band splitting and a blue shift of the
absorption maximum is observed. This indicates formation
of H-aggregates, that is, stacking of the dye molecules on
top of each other.[13] The existence of an isosbestic point
shows that only two spectroscopically distinct species are
present.[14a,b] This allows us to apply a monomer–dimer
model fit (Figure 1b), yielding the dimerization constant of
the dye of KD=2400 Lmol�1 (�20%).[14,15] Figure 1c shows
spectra for dendrimer–dye solutions obtained at a dye con-
centration at which the dye does not self-associate on its
own. The gradual change in absorption upon dendrimer ad-
dition indicates the appearance of “stacked dye”, again as
H-aggregates, induced by the dendrimer. Upon addition of
positively charged dendrimer, the anionic dyes electrostati-
cally associate with the dendrimer, allowing their mutual in-
teraction by providing spatial proximity. An isosbestic point
is observed at a “loading ratio” (molar ratio of dye sulfonate
groups to dendrimer primary amine groups) of 2. Upon fur-
ther addition of dendrimer, the absorption increases again,
which indicates a change in aggregate type. (A slight in-
crease is observed for loading ratio 1.3:1 in Figure 1c and
further increase for even smaller loading ratios.[15])
Size and stability of the dendrimer–dye aggregates were


analyzed by dynamic light scattering (DLS). Figure 2a shows
time-dependent hydrodynamic radii.[15] It is evident that not
only the dye attaches to the dendrimer, but thereby larger
aggregates of 50–300 nm size are formed that must consist
of multiple dendrimer molecules. The behavior strongly de-
pends on dye/dendrimer ratio. In excess of dendrimer, the
scattering intensity is low and the predominant species are
single dendrimers loaded with dye. For medium loading
ratios stable aggregates are formed. The region of stable ag-
gregates depends on pH: It lies around 2:1 for pH 3.5 (be-
tween 2:1 and 1.4:1) and around 1:1 (between 1.4:1 and 0.9:
1) for pH 6.5. This is due to the different degree of protona-
tion of the dendrimer that thus can bind twice the amount
of dye ions at pH 3.5. Stable aggregates do not show any
change in size for at least a month. For excess of dye
ACHTUNGTRENNUNGcharges, continuous growth is observed that can lead to pre-
cipitation.
The three association regimes are depicted in Scheme 2.


At low load, dye ions associate with individual dendrimer
molecules in analogy to other systems.[11] Upon increasing
load, more dye counterions ionically bind to the dendrimers
and thereby connect multiple dendrimers. Usually multiva-
lent ions lead to aggregation of polyelectrolytes, which in
our case can take place in a more “defined way” due to
building blocks with a certain architecture and interaction
capability. Evidently, there is an ideal loading range around
charge stoichiometry at which such multidendrimer aggre-
gates are stable in solution. A delicate interplay of electro-
statics, p–p interactions, and geometric aspects may be re-
sponsible for the size control. Geometric constraints in the
binding of dye molecules to dendrimers can cause this ag-
gregation to be incomplete and the aggregate to be charged,
as is also the case for the formation of rodlike biomarcomo-
lecule bundles of defined diameter.[16] Thereby these aggre-


Figure 1. a) Photograph of AR26-G4 samples for different dye:dendrimer
ratios. b) UV/Vis spectra of Ar26 at varying concentration of c= (4–
900)K10�6 molL�1 (lines) and calculated spectra of (*) monomer and (&)
dimer. c) UV/Vis spectra of dye–dendrimer samples with c ACHTUNGTRENNUNG(Ar26)=2.2K
10�6 molL�1 at varying loading ratios (pH 3.5).
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gates mutually repel each other and are stabilized at a cer-
tain size at which attractive and repulsive forces equilibrate.
In the following we will focus on a more detailed charac-


terization of the stable nanoassemblies in solution, with hy-
drodynamic radii RH=55–85 nm. Particles show a narrow
size-distribution, as is seen from DLS (Figure 2b) and the
fact that static light scattering (SLS) yields a linear Zimm
plot (Figure 2c). The ratio RG/RH (RG= radius of gyration
from SLS) is an indicator for particle shape, here 1.2–1.4,


clearly indicates nonspherical aggregates. Further details on
particle shape were obtained from small-angle neutron scat-
tering (SANS) measurements (Figure 3). The scattering in-


tensity I(q) (Figure 3a) can be transformed into the pair dis-
tance distribution function P(r) (Figure 3b), a function that
indicates the particle shape.[17] The P(r) in Figure 3b is typi-
cal of cylindrical particles with a length of about 225 nm and
a cross-section dimension of about 60 nm. The cross section
is not circular, but somewhat flat (30K60 nm).[15] Formation
of stable anisotropic aggregates with narrow size distribution
demonstrates the concept of macroions and counterions
forming well-defined supramolecular structures in aqueous


Figure 2. Light-scattering analysis of dendrimer–dye assemblies. a) Time-
dependent RH at pH 3.5 for different loading ratios: (&) 1.8:1; (~) 2.2:1;
(*) 2.8:1; (&) 5.2:1; (~) 6.4:1; (*) 9.3:1. b) Electric-field autocorrelation
function g1(t) and distribution of relaxation times A(t) (scattering angle
q=908) for 1:1 loading at pH 6.5. c) Static light scattering of the same
sample (I(q)= scattering intensity in arbitrary units; q= scattering
vector).


Scheme 2. Association regimes depending on “charge ratio”.


Figure 3. SANS analysis of dendrimer–dye assemblies. a) Scattering curve
I(q) combined from (*) SLS and (*) SANS with fit to the data (line) (ar-
bitrary units). b) Corresponding pair distance distribution function P(r)
indicating anisotropic particles with a maximum dimension of 225 nm
and a cross section in the order of 60 nm.
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solution. It should be noted that both in diameter and
length multiple building blocks (4 nm dendrimers and 1 nm
dyes) associate. Hence, the structure control is evidently
more complex than in surfactant aggregation with a deter-
mining “packing parameter”. The driving force for the ani-
sotropy in aggregation is the p–p interaction, in analogy to
that reported in reference [9], in which it was shown that ag-
gregates have an anisotropic shape only if stacking interac-
tion is involved. In accordance, other divalent ions such as
alkane disulfonates did not induce the formation of cylindri-
cal aggregates.[18] It may be concluded that the ionic interac-
tion of dendrimers and dyes induces formation of dye
stacks, which again cause the dendrimers to align into cylin-
drical aggregates. This is consistent with the internal struc-
ture that can be deduced from a more detailed P(r) analysis.
Dye stacks and aligned dendrimer columns alternate in the
inside of the aggregate.[15]


The thermodynamics of the aggregation was investigated
by isothermal titration microcalorimetry (ITC). Exothermic
peaks on injection were observed up to 61�3 dye molecules
per dendrimer, confirming the stoichiometric composition of
the assembly derived from UV/Vis spectroscopy and light-
scattering measurements. The enthalpy for the binding of
one dye molecule to two dendrimer amine groups was DH=


48 kJmol�1 and the equilibrium binding constant was K=5K
107 Lmol�1, which is in accordance with the postulate of
ionic binding. It is much higher than the dimerization con-
stant of the dye, which means that the tendency to form
macroion–dye assemblies is much higher than for the dye
alone to form stacks. To further elucidate the nature of the
self-assembly, additional dendrimer was added to a stable
aggregate to a ratio at which usually no larger aggregates
exist: aggregates dissolve, clearly indicating equilibrium
structures controlled by the dendrimer/dye ratio.


Well-defined equilibrium supramolecular structures are
highly interesting due to the ability to respond to external
triggers. In our case this can be realized by uncharging the
dendrimer through pH: as the assembly is based on ionic in-
teraction it should dissolve. Figure 4 demonstrates this pH-
switching. Upon addition of sodium hydroxide and changing
from pH 3 to pH 10, the UV/Vis spectrum shows disappear-
ance of the stacked aggregates and only the monomeric
spectrum as without dendrimer (Figure 4, center). Corre-
spondingly, the scattering intensity decreases and almost no
autocorrelation is detected (left and right); that is, no larger
aggregates are present. Subsequent addition of acid then
allows to “switch back” to the aggregated state, with the re-
sulting aggregates having the same aspect ratio as before.[19]


UV/Vis measurements show that switching the aggregation
“on” and “off” can be repeated at least ten times.
In conclusion, we have successfully demonstrated a novel


concept for the formation of responsive supramolecular
structures in aqueous solution. Electrostatic self-assembly of
macroions and dye counterions was shown to yield stable
aggregates with narrow size distribution and anisotropic
shape. Aggregation can be repeatedly switched “on” and
“off” by pH. This may open a field of versatile functional
structures in aqueous solution.
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Figure 4. Switching of electrostatically self-assembled structures by pH: “on” and “off” means aggregates and single dendrimers, respectively; center:
UV/Vis spectra; left and right, top: static light-scattering, Zimm representation, bottom: dynamic light-scattering, electric field autocorrelation function
(q=908).
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Ground Spin State Changes and 3D Networks of Exchange Coupled [MnIII3]
Single-Molecule Magnets


Ross Inglis,[b] Leigh F. Jones,[b] Kevin Mason,[b] Anna Collins,[b] Stephen A. Moggach,[b]


Simon Parsons,[b] Spyros P. Perlepes,[c] Wolfgang Wernsdorfer,*[a] and Euan K. Brechin*[b]


The field of single-molecule magnetism began in the early
1990s with the discovery that a discrete dodecametallic Mn
cluster exhibited hysteresis in magnetisation versus field
studies.[1–3] The potential of using molecules for such appli-
cations as information storage and quantum computing thus
propelled the synthesis and characterisation of many more
molecules displaying similar properties.[3] A fascinating ex-
ample within this family is the manganese cluster
[Mn4O3Cl4 ACHTUNGTRENNUNG(O2CEt)3(py)3] which crystallises as a supramolec-
ular H-bonded dimer of [{Mn4}2] cubanes.[4,5] Antiferromag-
netic coupling between the two components results in quan-
tum behaviour different from that of the individual single-
molecule magnets (SMMs), suggesting a means of tuning
the quantum tunnelling of magnetisation (QTM) in SMMs
and indicating that exchange-coupled SMMs in one, two and
three dimensions may display fascinating physical proper-
ties.[6–8]


We recently reported the synthesis and magnetic proper-
ties of a large family of hexanuclear MnIII SMMs based on
the complex [MnIII


6O2ACHTUNGTRENNUNG(sao)6 ACHTUNGTRENNUNG(O2CH)2ACHTUNGTRENNUNG(EtOH)4] (saoH2 = sali-
cylaldoxime).[9–12] We showed that, by using derivatised ver-


sions of the oxime ligand (R�sao2� R=H, Me, Et etc), it
was possible to significantly increase the ground spin state
from S=4 to S=12, greatly enhancing the effective energy
barrier for magnetisation reversal.[9–11] The origin of the anti-
ferromagnetic (AF)!ferromagnetic (F) switch arises from a
structural distortion of the molecule, induced by the “twist-
ing” of the (-Mn-N-O-) ring, as evidenced by the significant
increases in the Mn-N-O-Mn torsion angles when bulkier
salicylaldoximes are employed.[12] The ability to deliberately
switch pairwise exchange interactions in such a controllable
fashion has enormous potential, but understanding in detail
the underlying contributory factors in such complicated mol-
ecules is an extremely difficult task, as it is the consequence
of a number of different super-exchange pathways. To fur-
ther elucidate these factors and to examine whether the
same effect can be seen in different molecules we have syn-
thesised analogous “half” [Mn6] molecules, that is, the spe-
cies [MnIII


3OACHTUNGTRENNUNG(R�sao)3 ACHTUNGTRENNUNG(O2CR) ACHTUNGTRENNUNG(solvent)3,4] (R=H, Me, Et, Ph
etc.) in which we systematically increase the puckering of
the molecules through targeted structural distortions of the
oxime moiety.


After an extensive synthetic study we have discovered a
number of routes to these [MnIII


3OACHTUNGTRENNUNG(R�sao)3ACHTUNGTRENNUNG(O2CR)-
ACHTUNGTRENNUNG(solvent)3,4] triangles (Figure 1 shows complexes 1 and 5).
These include using various combinations of pyridine as sol-
vent or co-solvent and bulky carboxylic acids and oximes
(for example, Ph�saoH2; see the Supporting Information for
full experimental details). Pyridine molecules cap one face
of the triangle preventing dimerisation to the hexametallic
unit. For example, the reaction of Mn ACHTUNGTRENNUNG(O2CMe)2·4H2O with
Me�saoH2 in pyridine affords [MnIII


3OACHTUNGTRENNUNG(Me�sao)3-
ACHTUNGTRENNUNG(OAc)(py)4]·2py (1·2py). The core of 1 (Figure 1a) compris-
es the common {MnIII


3O}7+ oxo-centred triangle whose
edges are bridged in a h1:h1:h1:m-fashion by the doubly de-
protonated Me-sao2� ligands, to form three Mn-N-O-Mn
pathways between the metal ions. The h1:h1:m-bridging
�O2CMe ligand straddles the “top” of the {MnIII


3O ACHTUNGTRENNUNG(Me�
sao)3}


+ moiety bonding to two MnIII centres (Mn1 and
Mn2). The remaining site on the upper face is occupied by a
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pyridine molecule, as are all three axial sites at the base of
the molecule, completing the distorted octahedral coordina-
tion geometry at each MnIII centre; the Jahn–Teller axes
being perpendicular to the [Mn3] plane. The effect of the
pyridine molecules and the relatively small oxime is the gen-
eration of a relatively flat (or nonpuckered) {MnIII


3OACHTUNGTRENNUNG(Me-


sao)3}
+ moiety with Mn-N-O-Mn torsion angles in the range


4.15–23.448 (Table 1). Replacement of �O2CMe and Me�
sao2� with a) �O2CPh(Me)4 and sao2� and b) �O2C�anthra
(HO2C�anthra=anthracene-9-carboxylic acid) and Me�
sao2� (in py/EtOH) produces the analogous complexes
[MnIII


3OACHTUNGTRENNUNG(sao)3 ACHTUNGTRENNUNG(O2CPh(Me)4)(py)3]·EtOH (2·EtOH) and
(pyH·Na)ACHTUNGTRENNUNG[MnIII


3OACHTUNGTRENNUNG(Me�sao)3(O2C�anthra)(py)3]2 ACHTUNGTRENNUNG(ClO4)2·py
(3·py), respectively. The only differences to 1 being that one
site on the upper face remains unoccupied (Mn3 is five-co-
ordinate), presumably owing to the presence of the much
bulkier carboxylate. In 3, a six-coordinate Na+ ion connects
two symmetry-equivalent {MnIII


3OACHTUNGTRENNUNG(Me-sao)3(O2C�anthra)-
(py)3} moieties together forming a [{Mn3}-Na-{Mn3}] dimer
(Na�O bond lengths range: 2.310–2.680 N, Figure SI1 in the
Supporting Information). The charge is balanced by two
symmetry-equivalent ClO4


� counterions and one pyridinium
cation, which is H-bonded to the pyridine solvent molecule.


In the absence of pyridine, the hexametallic com-
plexes [MnIII


6O2ACHTUNGTRENNUNG(R-sao)6ACHTUNGTRENNUNG(O2CR)2ACHTUNGTRENNUNG(EtOH)4 ACHTUNGTRENNUNG(H2O)2] form.[12]


This complexation can be avoided by using a combina-
tion of a bulky oxime and a bulky carboxylate. For example,
the reaction between MnII


ACHTUNGTRENNUNG(ClO4)·6H2O, Et�saoH2 and
either NaO2CPh ACHTUNGTRENNUNG(CF3)2 or NaO2CPh(Cl)2 in ROH forms
the complexes [MnIII


3O ACHTUNGTRENNUNG(Et�sao)3 ACHTUNGTRENNUNG(O2Ph ACHTUNGTRENNUNG(CF3)2) ACHTUNGTRENNUNG(EtOH)-
ACHTUNGTRENNUNG(H2O)3]·EtOH·3H2O (4·EtOH·3H2O; Figure SI2 in the Sup-
porting Information) and [MnIII


3OACHTUNGTRENNUNG(Et�sao)3ACHTUNGTRENNUNG(O2CPh(Cl)2)-
ACHTUNGTRENNUNG(MeOH)3ACHTUNGTRENNUNG(H2O)] (5), respectively; and the reaction of MnII-
ACHTUNGTRENNUNG(ClO4)·6H2O, Ph�saoH2 and NaO2C�anthra in MeOH pro-
duces [MnIII


3OACHTUNGTRENNUNG(Ph�sao)3(O2C�anthra) ACHTUNGTRENNUNG(MeOH)4]·Ph�saoH2


(6·Ph�saoH2; Figure SI2–SI4 in the Supporting Informa-
tion). The core structures of 4–6 are again simple oxo-cen-
tred triangles similar to 1–3, differing only in the identity of
the terminally bound solvent molecules, the presence/ab-
sence of counterions and co-crystallised organic molecules.
The major structural changes are a dramatic increase in the
Mn-N-O-Mn torsion angles (Table 1), which can be attribut-
ed to the presence of bulkier R�saoH2 ligands (R=Me- (1,
3), H- (2) Et- (4, 5), Ph- (6). The result is an increasingly
puckered {MnIII


3OACHTUNGTRENNUNG(R-sao)3} unit, albeit with the central Mn-
O-Mn angles remaining relatively undistorted, ranging from
a minimum of 113.57(5)8 to a maximum of 118.00(5)8 in 1
and from 110.80(10) to 121.54(8)8 in complexes 2–6
(Table 1). In each case the central m3-O


2� ion is raised above
the {Mn3} plane by a minimum of 0.178 N in 6 to a maxi-


Figure 1. The molecular structure of complexes 1 (a) and 5 (b). Colour
code: Mn purple, O red, N blue, C grey, Cl green.


Table 1. Magneto-structural parameters for complexes 1-6.


Torsion angles [8] Mn-O-Mn [8] Mn3 plane–m3


dist(sd) [N]O
J [cm�1] S g Ueff [K]


Mn ACHTUNGTRENNUNG(1–2) Mn ACHTUNGTRENNUNG(2–3) Mn ACHTUNGTRENNUNG(1–3) Mn1-O1-Mn2 Mn2-O1-Mn3 Mn1-O1-Mn3 J1/J2/J3


1 4.15 4.45 23.44 113.57(5) 117.89(5) 118.00(5) 0.359 �1.58, �0.10 2 2.07 –
2[a] 24.38


31.99
5.33


11.06
11.06
3.04


112.70(2)
112.80(2)


118.20(2)
116.30(2)


117.10(2)
119.00(2)


0.383
0.382


– 2 – –


3 16.35 11.74 26.58 110.80(10) 114.86(10) 116.99(11) 0.464 �1.20, �1.94, �0.40 2 2.02 –
4 46.66 38.56 40.35 115.83(13) 119.96(14) 119.84(14) 0.179 +1.52 6 1.98 43
5 44.6 38.17 39.07 115.33(7) 120.10(7) 118.71(7) 0.265 +1.84 6 2.02 51
6 32.98 34.41 41.44 115.80(8) 121.54(8) 119.98(8) 0.178 +0.85, +1.44 6 1.98 –


[a] Complex 2 contains two independent [MnIII
3] units in the asymmetric unit and thus no attempt to fit the data was made.
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mum of 0.464 N in 3 (Table 1). Previous studies on analo-
gous [Mn6] molecules suggest that such an increase in the
torsion angles should lead to a switch in the exchange be-
tween the metal ions from antiferromagnetic to ferromag-
netic.[12] In each case there are significant H-bonding inter-
actions and close intermolecular contacts propagated in all
three dimensions (see Figure SI1–4 in the Supporting Infor-
mation), which has important consequences for the magnet-
ic behaviour.


Direct current (dc) magnetisation measurements were car-
ried out on polycrystalline samples of 1–6 in a field of 0.1 T
and a temperature range of 5–300 K. These are plotted in
Figure 2. Room-temperature magnetic susceptibility (cmT)


values for 1–6 range from 8.42 to 9.90 cm3mol�1K and are
consistent with the expected value for three non-interacting
MnIII centres (~9.0 cm3mol�1K). Compounds 1–3 exhibit a
dominant antiferromagnetic exchange between the MnIII


ions, with the values of cmT remaining relatively constant as
the temperature is decreased before dropping more sharply
at approximately 125 K, to values of 3.61, 2.57 and
2.72 cm3mol�1K at 5 K, respectively. A fit of the experimen-
tal data using the 2 J model (J1 (that mediated through
oxide, oxime and carboxylate)¼6 J2=J3 (that mediated
through oxide and oxime), Figure 2 (inset)) of Equation (1)
afforded the parameters S=2, g=2.07, J1 =�1.58, J2 =


�0.10 cm�1 for 1 (Table 1), but proved unsuccessful for 3,
which required the 3 J model (J1¼6 J2¼6 J3) of Equation (1),
giving S=2, g=2.02, J1 =�1.2, J2 =�1.94 and J3 =�0.4 cm�1


(Table 1).


ĥ ¼ �2 J1½ðŜ1 � Ŝ2Þ	�2 J2½ðŜ2 � Ŝ3Þ	�2 J3½ðŜ1 � Ŝ3Þ	 ð1Þ


No attempt was made to fit the data for 2, as the crystal
structure contains two independent molecules with different
geometries (Table 1). The plots of cmT versus T for com-


plexes 4–6 (Figure 2) indicate the presence of ferromagnetic
exchange between the MnIII centres. In each case cmT rises
gradually as the temperature is decreased before increasing
more rapidly at lower temperatures and peaking at values of
16.36 (complex 4), 15.30 (complex 5) and 13.34 cm3mol�1K
(complex 6) , respectively (Figure 2). A sharp drop in cmT
then occurs in all three cases, presumably as a result of the
intermolecular interactions and/or zero-field splitting ef-
fects; the low temperature maxima being significantly lower
than the value of 21.0 cm3mol�1K expected for S=6. Fitting
of the data obtained for 4 and 5 using the 1 J spin-Hamilto-
nian (J1 =J2 =J3) described in Equation (1), affords the pa-
rameters S=6, g=1.98, J=++1.52 cm�1 and S=6, g=2.02,
J=++1.84 cm�1, respectively. A similar model was unsuccess-
ful for 6, and required the 2 J model (J1¼6 J2 =J3) of Equa-
tion (1), giving S=6, g=1.98, J1 =++0.85 and J2 =++


1.44 cm�1.
The structural and magnetic information summarised in


Table 1 allows us to make some conclusions with respect to
the origin of the ferromagnetism in salicylaldoxime-based
[MnIII


3O]7+ complexes: a) There appears to be little or no
correlation between the exchange and the distance between
the [Mn3] plane and the O2� ion. Previous studies on similar
systems have suggested an increasingly ferromagnetic inter-
action as this distance increases;[13a] a trend not shown here.
b) There appears to be little or no correlation between the
exchange and the Mn-O-Mn bridging angle. Experimental
studies of [MnIII


3O ACHTUNGTRENNUNG(O2CR)6L3]
+ species suggest a switch


from antiferromagnetic to ferromagnetic at angles below ap-
proximately 120 8[14]— a phenomenon not detected here. c)
There is little or no correlation between the MnIII–O2� dis-
tance and the exchange, since all six complexes display simi-
lar values ranging from a minimum of 1.868(3) N to a maxi-
mum of 1.919(2) N. d) There appears to be little or no cor-
relation between the exchange and the Mn�N�O�Mn bond
lengths. e) There appears to be a correlation between the
exchange and the Mn-N-O-Mn torsion angle: the larger the
torsion angle, the more ferromagnetic the pairwise ex-
change, as previously reported for the “parent” [Mn6] com-
plexes,[12] and suggested by recent DFT calculations,[13b]


which allows us to conclude that while all of the above inter-
actions must play some role in determining the sign and
magnitude of J, it appears the dominant factor is the twisting
of the Mn-N-O-Mn moiety.


Alternating current (ac) susceptibility studies were carried
out on crystalline samples of 4–6 in the temperature range
1.8–10.0 K in a 3.5 G field oscillating at frequencies between
50 and 1000 Hz. Frequency-dependent out-of-phase (cM’’)
signals (Figure 3), suggestive of SMM behaviour, were de-
tected for complexes 4–6 with peaks at temperatures of 3.8
and 3.4 K at 300 Hz for 4 and 5 respectively, whereas only
the tails of peaks were observed for 6. These data were then
used to construct Arrhenius plots, from which fitting of the
Arrhenius equation gave Ueff
43 K, t0=7.4R10�9 s for 4,
and Ueff
51 K, t0=1.2R10�10 s for 5. These are amongst the
largest effective barriers known for low nuclearity SMMs.
Hysteresis loop and relaxation measurements were carried


Figure 2. Plot of cMT versus T for complexes 1–6. The solid lines repre-
sent the best fits of the data. See text for details. Inset: magnetic coupling
scheme employed. 1 ^, 23, 3 !, 4~, 5*, 6&.
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out on single crystals of 4–6 using a micro-SQUID assembly,
with the field applied along the easy axis of magnetisa-
tion.[15] In each case temperature- and sweep-rate-dependent
hysteresis loops were observed, confirming SMM behaviour
for all three complexes. Those obtained for 4 are shown in
Figure 4. The loops display step-like features separated by
plateaus. After saturating the magnetisation, the first reso-
nance is seen in negative fields, indicating the presence of
small intermolecular antiferromagnetic interactions, as was
first established for [{Mn4}2].


[4] Small modifications of the li-
gands surrounding this dimer led to three-dimensional net-
works of exchange-coupled SMMs.[16] A detailed study of
the hysteresis loops of 4 show that the collective spins of
each [Mn3] molecule are coupled antiferromagnetically to
its neighbouring molecules, acting as a bias that shifts the
quantum tunnelling resonances with respect to the isolated
SMM. Most of the small steps are therefore due to mole-
cules having one or several “reversed” neighbouring mole-
cules; although some of the steps may also be due to multi-
body quantum effects.[17] These findings are supported on
examination of the crystal structure of 4, which exhibits ex-
tensive intermolecular H-bonding interactions (Figure 4b,
full description in the Supporting Information). The com-
plexity of the system makes it extremely difficult to deter-
mine all of the active exchange pathways and to identify the
steps. However, the field separation between two resonances
yields a typical exchange bias field between two molecules
of approximately 0.14 T. The field separation between the
first and second biggest steps for fast field-sweep rates can
be estimated as D=1.6 K, leading to a barrier of DS2 =


58 K, where D=axial zero-field splitting parameter and
DS2 =upper limit to magnetisation reversal, somewhat
larger than the effective barrier from the ac data. The above
result suggests that a three-dimensional network of ex-
change-coupled SMMs does not suppress QTM. The inter-
molecular interactions are strong enough to cause a clear
field bias, but too weak to transform the spin network into a
classical antiferromagnet. This three-dimensional network of
exchange coupled SMMs demonstrates that QTM can be
controlled using exchange interactions, opening up new per-


Figure 3. Plot of the out-of-phase (c’’M) ac susceptibility versus tempera-
ture for 4 at the indicated frequencies.


Figure 4. a) Magnetisation versus field hysteresis loops for a single crystal
of 4 at the indicated temperatures and field sweep rates. M is normalised
to its saturation value. b) The H-bonding between clusters of 4 in the
crystal, propagated in the main via the oxime O atoms interacting with
the terminal H2O protons and -CF3 groups. For full details see the Sup-
porting Information. Colour code: Mn purple, O red, N blue, C grey,
F green.
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spectives in the use of supramolecular chemistry to modu-
late the quantum physics of molecular nanomagnets.


Experimental Section


Full experimental and crystallographic details for 1–6 are given in the
Supporting Information. CCDC-628200 (1), CCDC-667573 (2), CCDC-
667574 (3), CCDC-667575 (4), CCDC-667576 (5) and CCDC-667577 (6)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Transfer of Supramolecular Chirality in Block Copoly(thiophene)s


Karlien Van den Bergh,[a] Jurgen Huybrechts,[b] Thierry Verbiest,[a] and
Guy Koeckelberghs*[a]


Conjugated block copolymers have received considerable
attention in recent years because they hold promise, for in-
stance, for solar cells and nanoelectronics.[1–3] Block copoly-
mers consisting of one conjugated block and one or more
nonconjugated, usually coil-like blocks, have been shown to
possess a variety of defined morphologies that differ from
those of the parent conjugated homopolymers.[1] However,
since the nonconjugated segments do not contribute elec-
tronically to the material, their role remains restricted to
self-assembly. In contrast, different morphologies and
unique electronic properties can be expected for conjugated
block copolymers composed of two electronically different
blocks.[2] For instance, Tu et al. showed that conjugated
block copolymers can form morphologies that differ from
those of a blend of their homopolymers and that the mor-
phology and corresponding optical properties of amphiphilic
block copolymers depend on the solvent conditions.[3]


Herein, we show that the electronic properties and the
supramolecular organization of one conjugated block can
also be influenced by the other conjugated block.
The block copolymer studied in this paper, is composed


of a regioregular, head-to-tail coupled achiral poly(3-hexyl-
thiophene) (P3HT) and a chiral, regioregular, head-to-tail
coupled poly{3-(3,7-dimethyloctyloxy)thiophene} (P3OOT).
Although both polymers are composed of the same poly-
thiophene backbone, they differ significantly electronically,


for instance, lmax in a film varies from around 500 nm for
P3HT[4] to around 630 nm for P3OOT.[5]


Circular dichroism (CD) spectroscopy is a very powerful
tool in the study of the supramolecular organization of
(chiral) conjugated polymers. Langeveld-Voss et al. have
demonstrated that bisignate Cotton effects, commonly ob-
served in films and poor solvent mixtures of regioregular
polythiophenes, arise from chirally aggregated, coplanar
ACHTUNGTRENNUNGpolymer strands.[6] Since these Cotton effects are located in
the absorption band of the corresponding polymer, CD
spectra can deliver ambiguous evidence for the presence of
supramolecular chirality in the respective blocks of conju-
gated block copolymers, provided that both polymer blocks
show a significantly different lmax. As a consequence, CD
spectroscopy can probe a transfer of supramolecular chirali-
ty from the chiral P3OOT block to the achiral P3HT block,
because this would induce a bisignate Cotton effect in the
absorption band of the achiral P3HT block.
The block copolymer was prepared by successive addition


of the alkyl-substituted and alkoxy-substituted thiophene
monomers, taking advantage of the living character of the
Ni-catalyzed polymerization of 2 (Scheme 1).[7] Special care
was devoted to the regioregularity of the resulting polymer
blocks, since this is a requisite for efficient supramolecular
stacking, which was accomplished by the use of reported
polymerization methods.[8] For the P3OOT block, this re-
quires the exclusive formation of 5, which is the most stable
monomeric isomer.[6] Since the polymerization of 2 in the
presence of [NiCl2ACHTUNGTRENNUNG(dppp)] (dppp=1,3-bis(diphenylphosphi-
no)propane) has been shown to proceed by a living chain-
growth mechanism,[7a,9] while it is uncertain whether this is
also the case for alkoxy-substituted thiophenes,[10] first the
P3HT block was formed, from which the P3OOT block was
grown. The ratio of the concentration of 2/ ACHTUNGTRENNUNG[NiCl2ACHTUNGTRENNUNG(dppp)]
was 15. To verify the living nature of the P3HT block at the
moment the second monomer was introduced, and to char-
acterize the P3HT block formed, the reaction mixture was
divided in two parts. The first aliquot was quenched with
HCl (1m in methanol) to form P3HT1. Compound 5 was
added to the second batch. The actual concentration of 5
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was determined by quenching a small sample of the reaction
mixture with D2O and analyzing it by 1H NMR spectrosco-
py. This revealed that 5 was formed in 50% yield (the re-
mainder was 4), which corresponds to a concentration ratio
of 5/3 of 23. After polymerization, the second batch was
also quenched with HCl (1m in methanol) to form P3HT-b-
P3OOT.
The polymers were subjected to MALDI-TOF mass spec-


trometry and gel permeation chromatography (GPC). Ac-
cording to MALDI-TOF mass spectrometry results, the
degree of polymerization (Pn) of P3HT1 amounts to 9.5,
which corresponds to a conversion of around 63%; GPC
analysis resulted in somewhat higher values (Mn=


2.8 kgmol�1). The polymer solely consists of H/Br end
groups, which is expected for the living polymerization of
2.[7a,9] Unfortunately, we failed to analyze P3HT-b-P3OOT
by using MALDI-TOF mass spectrometry. Nevertheless, the
absence of P3HT1 in the GPC profile of P3HT-b-P3OOT
demonstrated that all of 3 initiated the polymerization of 5
and its unimodal GPC profile at smaller elution volumes de-
livers final proof of the living nature of 3. Moreover, the
fact that the peak strongly absorbs at both 430 nm, at which
P3OOT absorbs but the absorbance of P3HT is stronger,
and at 600 nm, at which P3OOT absorbs but P3HT does
not, confirms that it must originate from a block copolymer
composed of both P3HT and P3OOT blocks. Fortunately, Pn


of P3HT-b-P3OOT could be conveniently calculated from
its 1H NMR spectrum by relative integration of signals aris-
ing from the P3HT block (9.5 units) and the P3OOT block,
which revealed that the P3OOT block has a Pn value of
around 14.
To investigate whether the polymer blocks influence their


mutual supramolecular organization, the solvent quality of a
solution of P3HT-b-P3OOT was systematically decreased,
which was accomplished by gradual addition of methanol to
a solution in chloroform, and the influence on the UV/Vis
and CD spectra was evaluated. In a solution in chloroform,
P3HT is present as poorly conjugated coils, whereas P3OOT
adopts a strongly conjugated, planar conformation.[11] Impor-
tantly, the UV/Vis spectrum of the block copolymer is not a
superposition of the constituent homopolymers; rather it
corresponds to a superposition of P3OOT and P3HT with a


higher Pn value. This demon-
strates that both conjugated
blocks do influence each other
electronically.
At 30% nonsolvent content,


the P3OOT block is aggregat-
ed, which is evidenced by the
appearance of bisignate Cotton
effects in the absorption band
of the P3OOT block (Fig-
ure 1a, b). Since P3OOT is al-
ready strongly conjugated in
chloroform, its aggregation is
accompanied by a limited gain
in conjugation and a moderate


redshift (~30 nm), resulting in only a slight change of the
UV/Vis spectrum. At this point, the P3HT block is still pres-
ent in its unaggregated, poorly conjugated conformation.
However, at 60% methanol, the P3HT block is also aggre-
gated, as evidenced by the UV/Vis spectra, which evolve to
a combination of P3OOT and P3HT blocks, both in their
planar and aggregated state. However, the spectra are not a
superposition of their constituent homopolymers, demon-
strating the mutual electronic influence of the two blocks.
Importantly, the zero-crossing of the CD spectrum dis-


plays a blueshift (from ~600 to ~550 nm) and its intensity
almost triples (from gabs, l=550 nm=�2L10�3 to gabs, l=480 nm=


�10�2). In fact, it is a superposition of two bisignate Cotton
effects (one near 600 nm and one near 500 nm) originating
from chirally aggregated P3OOT and P3HT, respectively.
Therefore, this experiment indicates that the chiral supra-
molecular organization of P3OOT invokes supramolecular
chirality in the achiral P3HT block.
Next, the same experiment was repeated with blends of


P3OOT (Mn=22 kgmol�1, GPC)[12] and P3HTs of different
molar masses. Blends composed of P3HT2 (Mn=


2.4 kgmol�1, GPC), which is similar to the P3HT block,
could not be used, since the methanol content required to
induce aggregation exceeds the highest attainable content
with the protocol used. P3HT3 (Mn=4.1 kgmol�1, GPC), on
the other hand, better resembles the P3HT block of P3HT-
b-P3OOT both electronically and in the methanol content
required to induce aggregation. At 30% methanol, P3OOT
chirally stacks, while P3HT3 is still present as unaggregated,
random coils. At 60% methanol, P3HT3 also aggregates, as
evidenced by the UV/Vis spectra. On the other hand, the
CD spectra do not gain intensity (gabs, l=550 nm=�4L10�3)
and the zero-crossing displays a small blueshift, which is
similar to that of P3OOT but clearly different from the
block copolymer, showing that a contribution of P3HT3 is
absent. As a consequence, it must be concluded that the two
polymers separately aggregate and do not influence their
mutual supramolecular organization in the blend, but that
transfer of supramolecular chirality is present in the block
copolymer.
It is clear that blends of P3HT3 and P3OOT form separate


aggregates and that chirality is absent in the P3HT aggre-


Scheme 1. Synthesis of the homopolymer and the block copolymer.
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gates because no chiral P3OOT chains are incorporated in
the P3HT aggregates. However, Langeveld-Voss et al. dem-
onstrated that blending achiral and chiral poly(3-alkylthio-
phene)s, which aggregate at the same methanol content, re-
sults in mixed aggregates in which sergeant-and-soldiers be-
havior is present.[13] To investigate whether this is also the
case for P3HT–P3OOT blends or whether both polymers in-
herently segregate, the aggregation of P3HT4 (Mn=


4.1 kgmol�1, GPC) and P3OOT, which aggregate at the
same methanol content, was studied. The CD spectra, in
particular the zero-crossing around 550 nm, indicate that
both polymers are chirally stacked. Therefore, it can be con-
cluded that the aggregates contain both achiral P3HT4 and
chiral P3OOT chains. On the other hand, the intensity is
somewhat lower (gabs, l=550 nm=�1.5L10�3), which may point
to a more complicated stacking if the aggregates are com-
posed of chains of a different nature. Importantly, the differ-
ent behavior of the P3HT3–
P3OOT and P3HT4–P3OOT
blends again confirms the
unique supramolecular behav-
ior of the block copolymer.
In a subsequent experiment,


films of P3HT-b-P3OOT were
spincoated. The samples were
annealed by heating them at
progressively increasing tem-
peratures for 1 min. After each
heating cycle, the samples were
quenched to room temperature
and their UV/Vis and CD
spectra were immediately re-


corded. At 110 8C, the UV/Vis and CD spectra resemble
well those in a poor solvent mixture, indicating that both
ACHTUNGTRENNUNGpolymer blocks are chirally aggregated. At higher tempera-
tures, the contribution of the P3HT block vanishes, which
can be associated with the melting of the P3HT block.
Then, a film annealed at 110 8C was oxidized by exposure


to I2 vapor (Figure 2). Although the CD spectrum of the
oxidized block copolymer is less defined, it is clear that
ACHTUNGTRENNUNGchirality is still present (gabs=�10�1; l=460 and 700 nm).
Interestingly, I2-doped polythiophenes tend to dedope; the
rate of reduction is dependent on the electronic nature of
the polythiophene. Indeed, after five weeks the original
spectra are restored, indicating that the supramolecular
chiral organization is preserved during oxidation and back
reduction. A similar behavior has also been found for chiral
poly(dithienopyrrole)s[14] and poly(3,4-dialkoxythio-
phene)s.[15] Since P3HT is dedoped much faster then


Figure 1. UV/Vis and CD spectra of P3HT-b-P3OOT (a, b), a blend of P3HT3 (c=74 mgL�1) and P3OOT (c=40 mgL�1) (c, d), and a blend of P3HT4
(c=29 mgL�1) and P3OOT (c=24 mgL�1) (e, f). (0% methanol (c), 30% methanol (a), 60% methanol (g)).


Figure 2. a) UV/Vis and b) CD spectra of the oxidation (I2) and back reduction of P3HT-b-P3OOT (before ox-
idation (c), after oxidation (a), after four days (g), after five weeks (d)).
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P3OOT, the P3HT block is reduced first, followed by the
P3OOT block. Unfortunately, since the UV/Vis and CD
spectra of P3HT-b-P3OOT are not a simple superposition of
contributions of the two blocks, the individual contributions
could not be calculated.[16] . Nevertheless, it is clear that after
four days the spectra of P3HT-b-P3OOT are a combination
of oxidized (chiral) P3OOT and neutral, chirally aggregated
P3HT. This again demonstrates that the achiral P3HT block
shows supramolecular chirality, which is imposed by the
chiral P3OOT block.
In conclusion, we have prepared a block copolymer com-


posed of (achiral) P3HT and chiral P3OOT and demonstrat-
ed that the P3OOT block influences the supramolecular or-
ganization of the P3HT block, as expressed by transfer of
supramolecular chirality to the achiral P3HT block. Further
research will focus on the morphology of films of the block
copolymer.


Experimental Section


Synthesis of P3HT1 and P3HT-b-P3OOT: A solution of 1 (0.50 mmol,
0.186 g) in dry THF (2.5 mL) was cooled to 0 8C and iPrMgCl
(0.50 mmol, 0.25 mL, 2m in THF) was added. The reaction mixture was
stirred for 1 h at 0 8C and then cannulated into a suspension of [NiCl2-
ACHTUNGTRENNUNG(dppp)] (33.1 mmol, 17.5 mg) in dry THF (3.5 mL). The volume of the
polymerization reaction was adjusted to 7 mL. After stirring for 2 h, a
small aliquot (1.4 mL) was withdrawn and quenched with HCl (1m in
methanol) (P3HT1). Compound 5 (~0.60 mmol in THF) was added to
the remaining part and the reaction mixture was stirred overnight. After
being quenched with HCl (1m in methanol), the polymer was precipitat-
ed into methanol, filtered off, and dried (P3HT-b-P3OOT).


For the preparation of 5, freshly prepared lithium diisopropylamide
(1.32 mmol in THF (3 mL)) was added to a solution of 4 (1.20 mmol,
0.383 g) in dry THF (3 mL) at �78 8C. After stirring for 30 min at RT, the
solution was added to a suspension of MgBr2 (1.80 mmol, 0.331 g) in dry
THF (4 mL) and stirred for another 30 min.


The homopolymers (P3OOT,[5] P3HT2�4
[9]) were prepared according to


literature procedures.
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A New Method for the Rapid Synthesis of Water Stable ACHTUNGTRENNUNGSuperparamagnetic
Nanoparticles
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The synthesis of water stable magnetic nanoparticles (NP)
is a research topic of great interest for the past few years.
These ferrofluids are used as contrast agents in magnetic
resonance imaging (MRI), magnetic drug delivery, and
cancer treatment through hyperthermia.[1] Particularly in the
field of MRI the use of NP as contrast agents has several ad-
vantages, such as the low toxicity of the iron oxide com-
pounds and the superparamagnetic behaviour, which lead to
a greater response for the same applied field compared to
paramagnetic agents.[2]


Nowadays the best method to obtain the iron oxide NP is
based on high-temperature decomposition of organic precur-
sors.[3] We have prepared monodisperse and highly crystal-
line NP with a mean hydrodynamic size of 7 nm (see Sup-
porting Information), coated with oleic acid and, therefore
only stable in organic non-polar solvents.[4] The major chal-
lenge in the development of NP for biomedical applications
is to make them hydrophilic, stable at physiological condi-
tions and without significant aggregation.


To implement such a modification, two different ap-
proaches are mainly used. One is the ligand exchange
method in which the oleic acid is replaced, at least partially,


by different hydrophilic compounds. The second methodolo-
gy is based on the formation of a bilayer by the use of am-
phiphilic molecules, with the aim of masking the oleic acid
layer. Despite the great progress made using these ap-
proaches, some major drawbacks are still present, such as
low exchange ratio, irreversible desorption of new surfac-
tants from the particle and a complicated surface modifica-
tion due to the dynamic nature of the outer layer.[5]


Here we report a new route to synthesize water-dispersed
superparamagnetic iron oxide (SPIO) and ultrasmall super-
paramagnetic iron oxide (USPIO) nanoparticles (Scheme 1).


We oxidized the double bond in oleic acid with potassium
permanganate, which led to the formation of azelaic acid in
the surface of the NP. The presence of this diacid on the sur-
face of the NP leads to a great stability of the colloid be-
cause of the hydrophilic character of this functional group.


Following our proposal, water stable particles have been
obtained, which show a great colloidal stability, and, more
important, are ready for further functionalization by cova-
lent bonding of bioactive molecules.
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Scheme 1. New approach for the preparation of water ferrofluids.
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The oxidation of the double bond is carried out by the
use of a typical oxidizing reagent such as potassium perman-
ganate. In order to obtain the required concentration of the
oxidant in an organic solvent, a phase-transfer catalyst, such
as benzyltrimethylammonium chloride (BTACl) was used.
The final step in the oxidation method was the cleavage of
an organomanganese intermediate, which formed between
the permanganate ion and the double bond both in acid or
basic media. For this reason, we will refer to the acid or
basic oxidation in the following discussion.


Fourier transform infrared (FTIR) spectroscopy was used
to characterize the composition of the NP after oxidation of
the double bond. Figure 1 displays the spectra for a) NP I
(acid method), b) NP II (basic method) and c) the original
hydrophobic NP. The spectrum in Figure 1c shows signals
corresponding to the oleic acid moiety at 2918 (na C�H),
2850 (ns C�H) and 1411 cm�1 (ds C�H). Another sharp band
is observed at 1621 cm�1 corresponding to the carbonyl
group. Finally, the Fe–O (magnetite) stretching signal ap-
pears at ñ 594 cm�1. The spectra in Figure 1a and b corre-
spond to the oxidized NP.


The formation of azelaic acid is supported by several
bands. First, there are three modifications in comparison
with spectrum in Figure 1c; the lack of the C�H signals due
to the minor number of CH2 groups, the broadened C=O
peak at 1625 cm�1 due to the presence of two carbonyl
groups in the molecule and the disappearance of the signal
at 1567 cm�1 assigned to double bond in oleic acid. Regard-
ing the structure of the carboxylate group in the surface of
the NP the three samples show a difference smaller than
200 cm�1 between the bands at 1625 and 1460 cm�1, which
implies a bridging coordination for the three samples.[6,7] On
the other hand, in the spectra of NP I and II, at least four
bands can be clearly assigned to the azelaic acid molecule at
ñ 984, 1036, 1126 and 1192 cm�1.[8] Finally, in the region be-
tween 850–250 cm�1, two main absorption bands around 590
and 398 cm�1 assigned to magnetite are observed.


It is clear that due to the strong oxidation process used
for the surface modification of the NP, a slight oxidation of
the iron oxide NP from magnetite to maghemite, at least on
the surface, takes place; this is indicated by the appearance
of two weak bands at 634 and 445 cm�1.[9] To further prove
the oxidation of the double bond the organic layer of the re-
action was analyzed by 1H NMR spectroscopy. The chloro-
form and hexane mixture were evaporated in vacuum and
the residue dissolved in deuterated chloroform. The signals
corresponding to the nonanoic acid are clearly observable
(d 0.90 (t, 3H), 1.27 (m, 10H), 1.66 (m, 2H) and 2.38 (t,
2H) ppm). Furthermore there is no evidence of the pres-
ence of oleic acid that could be removed from the surface in
the oxidation process (see Supporting Information).


The size of the hydrophilic nanoparticles, determined by
photon correlation spectroscopy (PCS) are 37�4 nm (PDI
0.18) for NP I (USPIO) and 70�7 nm (PDI 0.25) for NP II
(SPIO). The data shown here correspond to the z-average
value as measured by PCS. The z-average size is the most
important and stable number produced by this technique for
characterizing the hydrodynamic diameter of nanoparticles
in solution. This is the number required for quality control
purposes. PCS values can be obtained in a z-average size, or
the mean value of a distribution by intensity, volume or
number. In order to obtain meaningful results these values
must be similar. For the particles studied in our work, all
PCS measurements show great reproducibility and excellent
correlation between the different methods with which the
values were obtained. For example, the values for one of the
samples obtained with the oxidation in acid media are: z-
average=39 nm, intensity=43 nm, volume=27 nm and
number (size)=21 nm.


The differences in size between the two oxidation proto-
cols could be attributed to the considerable oxidation ca-
pacity of permanganate in acid media, allowing the use of a
lower concentration of the oxidant and the phase-transfer
catalyst. There is a small increase in the size of the NP from
the hydrophobic state to the water colloid. This degree of
aggregation and broadening of the size distribution of the
aggregates is unavoidable but can be drastically reduced by
using the method described in this work as can be seen from
the PDI values. By the method proposed here, particle ag-
gregation is minimum compared with previous reported
methods. One big advantage is that the particles are ready
for functionalization through covalent bonding in water.
These nanoparticles show high stability in water and no ag-
gregation with time, as can be seen in Figure 2 where the z-
average value is plotted versus time.


Another important feature of the NP regarding their sta-
bility in water is the z potential. This value was determined
by PCS; the results are shown in Figure 3. A similar profile
is obtained with both methods, but the stability for NP I is
higher (�46 mV) than for NP II (�20 mV) at physiological
pH. This can be attributed to the slightly higher agglomera-
tion of NP II compared with NP I, which leads to a smaller
number of carboxylic acids on the surface. These reactions
have been repeated at least 10 times and all samples showed


Figure 1. FTIR spectra of a) NP I, b) NP II and c) hydrophobic NP.
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similar hydrodynamic size, within the error and similar z


profile; this confirms the great control over the size and the
surface composition with just minor changes in the reaction.


Moreover, suspensions prepared by both methods, both in
acid and basic media, remained stable in water for months.
Furthermore, the z potential results confirm the conclusions
obtained from the FTIR and NMR analysis, as the isoelec-
tric point for these particles is
approximately 4.5 for NP I and
5.7 for NP II. These results are
in accordance with the pKa


values for azelaic acid which
are 4.53 and 5.33, supporting
the presence of the diacid in
the surface of the NP.


Transmission electron micro-
scopy (TEM) images were ob-
tained for the three types of
nanoparticles studied in this
work before surface modifica-
tion and after oxidation.
Figure 4 shows the low aggrega-


tion which occurred during the transition of the NP from
the hydrophobic state (Figure 4a) to water (NP I, Figure 4b
and c) at the same magnification (Figure 4a and b) and at
larger one (Figure 4c).


Although the oxidized particles are not self-assembled as
the hydrophobic ones, a certain distance between particles
can be observed which precludes the aggregation and forma-
tion of big lumps (for more TEM images, see Supporting In-
formation).


To study the magnetic properties of the suspensions, mag-
netization curves were performed for the hydrophobic NP
in hexane and both NP I and NP II (Figure 5). The three
samples show a superparamagnetic behavior with saturation
magnetization values of 87 emug�1 Fe for hydrophobic NP,
77 emug�1 Fe for NP I and 63 emug�1 Fe for NP II. The ex-
pected value for bulk magnetite at room temperature would
be 110 emug�1 Fe; this means that particles prepared in this
work have a certain degree of surface oxidation (as con-
firmed by FTIR spectra) which increases from the hydro-
phobic to hydrophilic samples.


The different susceptibility at low field can be related to
the size of the aggregate in the suspension in such a way,
that greater susceptibility corresponds to sample NP II with
a larger aggregate size. These results are in agreement with
the hydrodynamic sizes measured by PCS.


Finally, to test the behavior of this hydrophilic NP as con-
trast agents for MRI, we measured the longitudinal (T1) and
transversal (T2) relaxation times (Figure 6). For NP I the
values for r1 and r2 are 4 s�1mm


�1 and 115 s�1mm
�1, while for


NP II the values are 2.3 s�1mm
�1 and 110 s�1mm


�1, respec-
tively. Because of the high r1 value, mainly for NP I, these
particles can be used either as T1 or T2 agents depending on
the imaging sequences and parameters chosen.


We have developed a new general approach for transfer-
ring oleic acid coated nanoparticles into water. Compared to
other common methodologies, the one presented here has
several advantages: First, particles with mean hydrodynamic
sizes of 37 and 70 nm are obtained, with a high reproducibil-
ity; previously it has been rather difficult to particles in this
critical range of 30–80 nm. Second, the process described
here is much more economical than approaches which use
very expensive surfactants such as phospholipids. And third,


Figure 2. Hydrodynamic size evolution with time for NP I (&) and II (&).


Figure 3. Profile of the z potential versus pH for the oxidized particles,
NP I (&) and II (&).


Figure 4. TEM images of iron oxide nanocrystals a) hydrophobic NP, scale bar is 50 nm; b) and c) hydrophilic
NP via acid oxidation (NP I), scale bars are 50 and 20 nm, respectively.
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further surface functionalization of these particles is possible
through covalent bonding in water; this would render the
particles even more stable compared with other particles ob-
tained by other approaches. This application is currently
under investigation. Thus, we believe that this new method-
ology can be used as a new standard for transferring oleic
acid nanoparticles into water, so that this approach will be


of a great interest for those working in the development of
new bioactive materials.


Experimental Section


Synthesis of hydrophobic NP : The nanoparticles were synthesized by
using iron acetylacetonate as precursor and phenyl ether as the solvent.
A mixture of Fe ACHTUNGTRENNUNG(acac)3 (0.71 g, 2 mmol), 1,2-hexadecanediol (2.38 g,
10 mmol), oleic acid (1.69 g, 6 mmol), oleylamine (1.60 g, 6 mmol) and
phenyl ether (20 mL) were added to a three-neck flask. Then, the reac-
tion mixture was heated under mechanical stirring and a flow of nitrogen
gas until a temperature of 200 8C was reached. This temperature was
kept for 120 min and then the solution was heated to reflux (254 8C) for
30 min under nitrogen. Subsequently, the solution was cooled to room
temperature. To remove the side products, ethanol was added to the reac-
tion mixture and the resulting solution was centrifuged at 8500 rpm for
10 min. The supernatant was decanted; hexane (20 mL) and oleic acid
(0.05 mL) were added to the nanoparticles and the suspension was centri-
fuged at 8500 rpm in order to remove aggregates and to obtain a stable
suspension.


Synthesis of NP I (oxidation in acid conditions): KMnO4 (0.3 g,
1.9 mmol) and benzyltrimethylammonium chloride (BTACl) (0.8 g,
4.3 mmol) were dissolved in chloroform (60 mL). This solution was
added to a concentrate dispersion of NPs coated with oleic acid in
hexane/chloroform (20 mL/20 mL); then the solution was mechanically
stirred and heated under reflux for 4 h. After this time, an AcOH/AcO�


buffer (50 mL, pH 2.9) wass added and the mechanical stirring and heat-
ing was continued for 20 h. After cooling NaHSO3 (3N2 mL) was added
to eliminate excess of permanganate. Finally, the dispersion was washed
several times with water and chloroform to obtain a colloidal dispersion.


Synthesis of NP II (oxidation in basic conditions): KMnO4 (0.5 g,
3.2 mmol) was dissolved in chloroform (40 mL), together with BTACl
(1 g, 5.4 mmol). The solution was added to a concentrate dispersion of
NP coated with oleic acid in hexane/chloroform (20 mL/20 mL). The mix-
ture was heated under reflux and mechanically stirred for 4 h; then
NaOH (1%, 20 mL) solution was added under heating and stirring for
another 32 h. After cooling, NaHSO3 was added (3N2 mL) to eliminate
the excess of permanganate. Finally the dispersion was washed several
times with water and chloroform to obtain a colloidal dispersion.


Relaxometry : All images were acquired in a Bruker Biospec spectrome-
ter (Bruker Biospec 47/40, Bruker Biospin, Germany) equipped with an
11.2 cm gradient probe capable of producing gradients of up to
200 mTm�1. Images to obtain a T2 parametric map were acquired using a
normal spin echo sequence consisting of 908 pulse and a train of equally
spaced 180 pulses with switching phases (Carr–Purcell–Meiboom–Gill–
Hill pulse sequence). Images were acquired with 20 TEs (6–120 ms) and
with a TR of 5 s. Other imaging parameters included 100 kHz spectral
width, 6 cm square field of vision, 2 mm slice thickness, and 64N64 ac-
quisition matrix size. A T1 parametric map was extracted from saturation
recovery imaging data using a single spin echo sequence with the shortest
TE for our equipment and sequence parameters (6 ms) and variable TR
from 50 to 3000 ms, tailored to provide sampling times with adequate
coverage of the T1 recovery curve. Other imaging parameters included
were identical to T2 acquisitions. Both T1 and T2 values were obtained
from nonlinear least squares fitting routines included in commercial soft-
ware (Bruker Paravision 3.0, Bruker Biospin, Germany).


Magnetic measurements : Magnetic characterization of the samples was
carried out in a vibrating sample magnetometer using 100 mL of solution
in a special sample holder. Magnetization curves were recorded at room
temperature by first saturating the sample in a field of 1 T. The magneti-
zation values were normalized to the amount of iron to yield the specific
magnetization (emug�1 Fe). The initial susceptibility (c) of the suspen-
sions was measured in the field range �100 Oe and the saturation mag-
netization values (Ms) were evaluated by extrapolating to infinite field
the experimental results obtained in the high field range where the mag-
netization linearly increases with 1/H.


Figure 5. Main panel: magnetization curves at 298 K for hydrophobic NP
(D), NP I (*) and NP II (&). Inset: enlargement of the magnetization
curves between �100 and 100 Oe.


Figure 6. Plot of the relaxation rate a) T1 and b) T2 against iron concen-
tration for NP I.
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Unprecedented Consecutive, ACHTUNGTRENNUNGCompetitive Nucleophilic Addition ACHTUNGTRENNUNGto
Construct Densely Functionalized Propargylic Alcohols


Jie Liu, Yan An, Ya-Hui Wang, Hai-Ying Jiang, Yu-Xin Zhang, and Zili Chen*[a]


Tandem C�C bond formation through consecutive nucleo-
philic addition to construct organic compounds is one of the
most attractive strategies in organic synthesis.[1] The classical
route, as exemplified by the reaction shown in Scheme 1


(top), provides an efficient approach to introduce both a,b
substituents at the enone or at an a,b-unsaturated ester. The
key intermediate (enolate A) acts as the new nucleophile in
the last step.[2] Herein we described a new tandem reaction
involving two consecutive nucleophilic additions to succes-
sively introduce two substituents on acetaldehyde,[3] leading
to a series of propargylic alcohol derivatives with multiple
functionalities that are malleable for further transformation
and modification. In this process, the in-situ-generated inter-
mediate (aldehyde B) was used as the new electrophile in
the last step (Scheme 1, bottom). This is the first report, to
the best of our knowledge, of a process involving two con-
secutive, competitive nucleophilic addition reactions to es-
tablish two C�C bonds in one-pot reaction.[4]


While investigating the reaction of the new cyclopropa-
none surrogate 1-(benzenesulfonyl) cyclopropanol 1,[5a] with
lithium phenyl ethynilide in THF at low temperature to con-
struct 1-alkynyl cyclopropanol 4a,[5b] we accidentally ob-
tained an unexpected product 5a in 5% yield. The structure
of compound 5a was identified to be 1-(2-hydroxy-4-phenyl-
but-3-ynyl)cyclopropanol, which has a -CH2CH(OH)- subu-
nit between the cyclopropanol and the alkynyl functionali-
ties, indicating the participation of the lithium enolate of
acetaldehyde in the reaction. Ring-opening and decomposi-
tion of THF with various organometallic reagents to gener-
ate acetaldehyde enolates have been reported,[6] but little
study of its reactivity and synthetic utility has ever been un-
dertaken.[6c] Meanwhile, this reaction is unprecedented with
a consecutive, competitive nucleophilic addition process to
construct densely functionalized propargylic alcohol deriva-
tives from simple reactants, and would be worthy of further
study.


The proposed mechanism for the preparation of 5a
(shown in Scheme 2) starts from the nucleophilic addition of
the enolate 2 to the cylopropanone intermediate (route a),
giving a new aldehyde intermediate 3, which was then selec-
tively trapped by lithium alkynilide to provide product 5a
(route b). However, there are two other competitive process
existed, either to construct 1-alkynyl cyclopropanol 4
(route c) or to give oligomerized products (route d). There-
fore, an efficient method should be devised in which the


[a] J. Liu, Y. An, Y.-H. Wang, H.-Y. Jiang, Y.-X. Zhang, Dr. Z. Chen
Department of Chemistry, Renmin University of China
Beijing 100872 (China)
Fax: (+86)10-62516660
E-mail : zilichen@ruc.edu.cn


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801452.


Scheme 1. Tandem C�C bond formation by consecutive nucleophilic
ACHTUNGTRENNUNGadditions.


Scheme 2. Proposed mechanism to synthesize compound 5a.
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first competitive nucleophilic attack must be controlled to
favor the addition of lithium enolate 2 to the ketone (route
a), and the second nucleophilic attack to favor the addition
of lithium alkynylide (route b) to the intermediate 3. We en-
visioned that the difference of nucleophilicity between lithi-
um enolate 2 (sp3 or sp2 carbon) and lithium alkynylide (sp
carbon)[7,8] would leave some space for us to tune the reac-
tion factors to get optimal conditions for the formation of 1-
(2-hydroxy-but-3-ynyl)cyclopropanol (5).


The reaction of compound 1, lithium enolate 2, and phe-
nylacetylene (6a) was chosen as the model system for our
initial investigation. In the event, the consecutive nucleo-
philic addition of enolate 2 (1.1 equiv) and lithium phenyl
ethynylide (2.1 equiv) to compound 1 (0.5 mmol, 1 equiv) in
THF at �40 8C (2 h) afforded a mixture of 1-phenylethynyl
cyclopropanol (4a) in 16% yield and diol 5a in 39% yield
(Table 1, entry 1). The effect of different ratios of 2/6a on


the yield of the two products was then examined. A relative-
ly good result (54% yield of 5a with 9% yield of 4, Table 1,
entry 3) was obtained when the ratio of 2/6a was adjusted to
2.7:2.1. Increasing the amount of enolate 2 and lithium alky-
nylide enhanced the reaction yield greatly (Table 1, entry 6).
Rational examination then identified a set of best conditions
(1 (1 equiv), 6a (3.5 equiv), 2 (5.4 equiv) in THF (10 mL) at
�40 8C for 4 h, Table 1, entry 7) to give the desired product
5a in 77% yield. The use of other additive, such as hexa-
ACHTUNGTRENNUNGmethylphosphoramide (HMPA), proved to be fruitless in
this reaction (Table 1, entry 5).[9]


With this standard procedure in hand, we explored the
scope and limitations of the reaction by examining other ter-
minal alkynes. As shown in Table 2, a range of 3-alkynyl-2-
hydroxy cyclopropanols were readily obtained. Both aro-
matic and aliphatic terminal alkynes were able to undergo
the corresponding consecutive nucleophilic addition. Elec-
tron-rich aromatic or heteroaromatic terminal alkynes dis-
played relatively high reactivity and gave higher conversion
(Table 2, Entries 2, 3, and 7). The p-methoxy phenylacety-


lene underwent the consecutive nucleophilic addition to
give the product 5b in highest yield (81%). Electron-defi-
cient terminal aromatic alkynes exhibited relatively low re-
activity (Table 2, entries 4–6). Alkene-substituted and ali-
phatic alkynes, such as 4-phenyl-1-butyne and 1-hexyne, also
worked effectively in the reaction (Table 2, entries 8–10). It
is notable that the reactivity of electron-rich and electron-
deficient aryl aldehyde exhibited similar reactivity in the re-
action.


To further evaluate this methodology, a number of differ-
ent carbonyl-containing substrates, including aromatic alde-


Table 1. Examination of the reaction of compound 1, enolate 2 and lithi-
um phenyl ethynylide 6a.[a]


6a
ACHTUNGTRENNUNG[equiv]


2
ACHTUNGTRENNUNG[equiv]


t
[h]


Yield
[%] of 4a


Yield
[%] of 5a


1 2.1 1.1 2 16 39
2 2.1 2.2 2 14 49
3 2.1 2.7 2 9 54
4 2.1 3.0 2 11 52
5[b] 2.1 2.7 2 20 49
6 4.2 5.4 4 37 62
7 3.5 5.4 4 22 77
8 3.0 5.4 4 18 73


[a] Unless otherwise noted, all reactions were carried out at the 0.5 mmol
scale in THF at �40 8C. [b] 1 equivalent of HMPA was added.


Table 2. Preparation of a series of 3-alkynyl-2-hydroxy cyclopropanol
ACHTUNGTRENNUNGderivatives 5.[a]


Alkyne (6) Product 5 Yield [%][b]


1 PhC�CH 77 (22 )


2 p-MeOPhC�CH 81 (18)


3 p-MePhC�CH 77 (22)


4 p-BrPhC�CH 64 (26)


5 m-ClPhC�CH 70 (18)


6 55 (7)


7 72 (11)


8 64 (18)


9 PhCH2CH2C�CH 60 (7)


10 1-hexyne 63 (15)


[a] Unless otherwise noted, all reactions were carried out at the 0.5 mmol
scale in THF at �40 8C for 4 h, with the ratio of 1/6/2=1:3.5:5.4. [b] The
figure in the parentheses is the % yield of compound 4.
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hydes, ketones, and aliphatic aldehydes, were also exam-
ined.[9] The optimal reaction conditions were slightly modi-
fied according to different sub-
strates to get a higher conver-
sion.[9] All these results are
summarized in Table 3. While
utilizing various aromatic alde-
hydes as electrophile, as shown,
almost all of the alkynyl-substi-
tuted 1,3-diol products were ob-
tained in a moderate to good
yield with the syn/anti ratio
ranging from 1.5:1 to 2.5:1.[10]


The heterocyclic furan-2-carbal-
dehyde underwent the consecu-


tive nucleophilic addition to give the desired product with
the highest yield (Table 3, entry 10). Coupling of aromatic
ketone or aliphatic aldehyde with enolate 2 and lithium al-
kynilide provided the corresponding diols in relatively low
yields (table 3, entries 13 and 14).


Propargylic alcohol derivatives are important synthetic in-
termediates in organic synthesis. Multiple functionalities in
compound 5 and 9 would make them even more versatile as
structural motifs for further elaboration. As shown in
Scheme 3 (top), reduction of the triple bond in 5a by Pd/C
hydrogenation, followed by Lewis acid induced cyclopro-
pane fragmentation, provides a keto–oxepane product 11 in
40% yield (Equation c).[11] Meanwhile, 9 f was treated with
AuCl3 in CH2Cl2 at room temperature to yield a dienone
product 12 in 45% yield, which can be used to construct di-
hydropyridine and pyridine derivatives. (Scheme 3,
bottom).[12]


In conclusion, we have developed an efficient one-pot
process to construct a series of polyfunctionalized propargyl-
ic alcohol derivatives from the simple materials without
functional protection. A variety of electrophiles including
cyclopropanone, and aromatic aldehydes have been success-
fully employed in the reaction. Further study to broaden the
applicability of the new methodology and to explore its syn-
thetic utility is in progress.


Experimental Section


Preparation of the solution of the lithium enolate of acetaldehyde (2) in
THF : A solution of nBuLi in hexane (1.93 mL, 2.8m) was added into dry
THF (6 mL) by syringe; the resulting solution was then maintained at
RT for 3 h. After the brown color disappeared, the freshly prepared lithi-
um enolate of acetaldehyde (2) was used directly in the following reac-
tion.


General procedure for the preparation of 1-(2-hydroxy-but-3-ynyl) cyclo-
propanol (5): nBuLi (1.25 mL, 2.8m) was added over a period of 30 min
by syringe to a solution of terminal alkyne (3.5 mmol) in THF (10 mL) at
�30 8C. The freshly prepared enolate 2 and a solution of 1-(benzenesufo-
nyl)cyclopropanol 1 (99 mg, 0.5 mmol) in THF (5 mL) was then added
successively at �70 8C. After the reaction was stirred for 4 h at a temper-
ature below �40 8C, saturated NH4Cl (10 mL) was added slowly to
quench the reaction. Usual workup followed by flash chromatography
over silica gel gave compound 4 (petroleum ether(PE)/ethyl aceta-
te(EA)=30:1) and diol derivative 5 (PE/EA=20:1).


General procedure for the preparation of alkynyl-substituted 1,3-diol
ACHTUNGTRENNUNGderivatives 9 : nBuLi (0.4 mL, 2.8m in hexane) was added over a period


Table 3. The reaction of different aldehydes, ketone with enolate 2 and
lithium alkynilide.[a]


Reactant 7 Product 9 syn/anti Yield [%][b]


1 2.3:1[c] (9a) 63 (21)
2 2.3:1[c] (9b) 69 (26)
3 2.3:1[c] (9c) 65 (22)
4 1.9:1[c] (9d) 53 (13)


5 2.3:1[d] (9e) 65 (16)
6 2:1[d] (9 f) 66 (18)


7 2.3:1[c] (9g) 63 (22)
8 1.5:1[c] (9h) 67 (16)


9 2:1[d] (9 i) 74 (17)
10 1.8:1[d] (9j) 77 (16)


11 1.5:1[d] (9k) 57 (25)
12 1.5:1[d] (9 l) 60 (28)


13[e] 9m 40 (50)


14[f] 2:1[d] (9n) 20 (53)


[a] Unless otherwise noted, all reactions were carried out at the 0.5 mmol
scale in THF at �40 8C for 4 h, with the ratio of 7/6/2=1:2.4:3.4. [b] The
figure in the parentheses is the % yield of compound 8. [c] The syn/anti
ratio was determined by 1H NMR spectroscopy. [d] The syn/anti ratio
was determined by the separated yields. [e] The ratio of 7/6/2=1:2.1:8.0.
[f] The ratio of 7/6/2=1:1.2:4.8.


Scheme 3. Further transformation of compound 5a and 9 f
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of 30 min by syringe to a solution of terminal alkyne (1.05 mmol) in THF
(10 mL) at �30 8C. The freshly prepared enolate 2 and a solution of the
phenylacetaldehyde 7a (0.5 mmol) in THF (5 mL) was then added suc-
cessively at �70 8C. The reaction was maintained below �40 8C for 4 h.
Then, saturated NH4Cl (10 mL) was added slowly to quench the reaction.
The usual workup and removal of solvents, followed by flash chromatog-
raphy over silica gel gave 8 (PE/EA=30:1) and the desired 1,3-diols
compound 9 (PE/EA=10:1).
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A Base-Labile Group for 2’-OH Protection of Ribonucleosides: A Major
Challenge for RNA Synthesis


Thomas Lavergne,[a] Jean-R3mi Bertrand,[b] Jean-Jacques Vasseur,[a] and
FranÅoise Debart*[a]


A great interest in the chemical synthesis of RNA has
grown up since the advent of RNA interference (RNAi)[1]


with the crucial need of a large number of short RNA mole-
cules for biological research and therapeutic applications.[2]


Compared to DNA synthesis, RNA production is more com-
plex. In well-established DNA synthesis, all the nucleophilic
functions are protected with base-labile protecting groups
that are removed at the end of the elongation process with a
base treatment. Beside lower coupling yields in chain assem-
bly compared to DNA synthesis, the main difficulty of RNA
chemistry results from the instability of RNA in basic
media. It is generally admitted that the 2’-OH protection
must not be base-labile to avoid the 2’-OH nucleophilic
attack on the phosphorus atom of the internucleoside link-
ages resulting in 3’–5’ to 2’–5’ isomerisation or 3’–5’ cleavage
of the linkages under deprotection conditions.[3] With regard
to the use of acyl (acetyl or benzoyl) protection for 2’-OH
reported in an early work, this resulted in very poor yields.[4]


The tert-butyldimethylsilyl (TBDMS) group is certainly the
most commonly utilized group for 2’-OH protection.[5] Sev-
eral protecting groups[6,7] have been proposed in place of
TBDMS, such as triisopropylsilyloxymethyl (TOM),[8] bis(2-
acetoxyethyloxy)methyl (ACE),[9] tert-butyldithiomethyl
(DTM),[10] 1-(2-cyanoethoxy)ethyl (CEE),[11] 2-cyanoethoxy-
methyl (CEM),[12,13] 2-(4-toluylsulfonyl)ethoxymethyl


(TEM),[14] and 2-cyanoethyl[15] ; most of them, like TBDMS,
are removed by fluoride ions. This deprotection is a major
hurdle because it requires a desalting step by precipitation
or cartridge purification leading to additional time-consum-
ing workup procedures to obtain pure oligoribonucleotides.


In our search for a radically improved synthetic method
to obtain RNA efficiently, rapidly, and in high purity, we
now report a new RNA synthesis strategy based on protect-
ing the 2’-OH with a base-labile pivaloyloxymethyl (PivOM)
group compatible with standard protection for 5’-OH
(DMTr), phosphates (2-cyanoethyl), and nucleobases (acyl
groups). The main advantage of this RNA strategy with an
acetal ester group is a straightforward two-step all-base de-
protection in a short period of time (3 h total) at room tem-
perature. It consists of 1) the selective removal of the phos-
phate protecting group by b-elimination induced by a non-
nucleophilic strong organic base (1,8-diazabicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) or piperidine), and 2) the simulta-
neous liberation of the nucleobases, the 2’-OH, and the rup-
ture of the succinyl or the Q-linker by an ammonia treat-
ment without migration or chain rupture. This approach,
which makes exclusive use of base-labile protecting groups,
is challenging because of the well-known RNA instability in
basic media.[3] To illustrate it, we report on the use of 2’-O-
PivOM phosphoramidites to synthesize RNA oligomers up
to 21 nucleotides in length and we demonstrate that they
were obtained in high yield and high purity without chain
rupture or migration.


First, our investigations began with the synthesis of the
four 3’-phosphoramidite ribonucleosides (Scheme 1). Previ-
ously we described the site-specific introduction of the
PivOM protecting group in which the Markiewicz reagent
(TIPSiCl2)


[16] simultaneously blocks 5’-OH and 3’-OH and
leaves the 2’-OH free to accept the PivOM. This method
avoids separation of different isomers, but it requires six
steps for the whole uridine phosphoramidite synthesis.[17] Al-
though all these steps proceed in high yields, they are time
consuming and, moreover, TIPSiCl2 is an expensive reagent.
Alternatively we developed a convenient method with only
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four steps affording amidites 5a–d with the same overall
yield. The first step consists in the protection of the exocy-
clic amines of nucleobases with fast labile groups, such as
acetyl (Ac) for cytosine,[18] phenoxyacetyl (Pac) for ade-
nine,[19] and tert-butyl phenoxyacetyl (tBuPac) for guanine.[20]


Starting from uridine 1a or base-protected nucleosides 1b–
d, the 5’-OH group was blocked with DMTr. Then the 2’-
OH group was derivatized with PivOM via a 2’,3’-O-dibutyl-
stannylidene intermediate, which was treated with the cheap
commercial alkylating agent pivaloyloxymethyl chloride to
give a mixture of the 3’-O-PivOM ACHTUNGTRENNUNG(3a–d) and 2’-O-PivOM
ACHTUNGTRENNUNG(4a–d) derivatives. This reaction must be conducted under
microwave irradiation at 75 8C. The desired 2’-O-PivOM
compounds 4a–d were obtained in 34–49% yield from 2a–d
after silica gel chromatography. For all ribonucleosides, the
fast eluting 2’-isomers were isolated with higher yield than
the undesired 3’-isomers, and for guanosine the 2’- to 3’-
isomer ratio was the highest, which explains a better yield
(49%). The tritylated 2’-O-PivOM compounds 4a–d were
converted to the corresponding amidites 5a–d with 75–82%
yield by using 2-cyanoethyl N,N-diisopropylchloro-phos-
phoramidite. All amidites were
lyophilized and were complete-
ly stable during long-term stor-
age at �20 8C.


With phosphoramidite mono-
mers 5a–d in hand, various oli-
goribonucleotides (Table 1)
were prepared on an automated
DNA synthesizer by using com-
mercially available controlled-
pore glass (LCAA-CPG) linked


to 5’-O-DMTr-dT or 5’-O-DMTr-dC through a 3’-O-succinyl
linker or Q-linker. We first synthesized U12dC (ON-1; ON=


oligoribonucleotide) as a model RNA oligonucleotide to
test the efficacy of PivOM as 2’-OH protection. Syntheses
were performed on a 1 mmol scale with 180 s coupling time
and 5-benzylmercaptotetrazole (BMT) as activator. The
average stepwise yield was 99.7%, which is comparable with
DNA or other efficient RNA amidites. Upon completion of
chain assembly, ON-1 anchored to CPG solid support was
first treated with DBU in dry THF to remove phosphate
protecting groups (2-cyanoethyl) over a period of 45 min,
after having proved that such conditions are completely
inert to PivOM groups in monomers. Then, simultaneous
cleavage from the solid support and 2’-OH deprotection
with concentrated ammonia at room temperature for 3 h led
to a very pure U12dC without any cleavage products. In the
first step of this process, DBU was used to deprotect the in-
ternucleoside linkages, because phosphodiesters are less
prone to nucleophilic attack than phosphotriesters. On the
other hand, ON-2 was treated with piperidine, instead of
DBU, in acetonitrile for 15 min to eliminate cyanoethyl
groups with similar efficacy. After ammonia treatment, RP-
HPLC profile of the crude U19TT (Figure 1, top) reveals ef-
ficient elongation and deprotection without chain rupture.
The proposed mechanism for base-mediated hydrolysis of
the acetal ester PivOM group consists of cleavage of the
ester function by ammonia with formation of a formalde-
hyde hemiacetal. This intermediate is stable enough to
ensure protection of oligoribonucleotides in aqueous ammo-
nia and upon evaporation, when pH decreases, the hemiace-
tal undergoes fragmentation to the 2’-OH ribonucleoside
and formaldehyde (see scheme in the Supporting Informa-
tion).


This promising data prompted us to synthesize hetero-
ACHTUNGTRENNUNGpolymers ACHTUNGTRENNUNG(ON-3–5) under the same conditions, except for
the capping step in which phenoxyacetic anhydride was used
instead of acetic anhydride to prevent replacement of
tBuPac group by Ac group of guanine residues.[19]


ON-3 was initially deprotected similarly to U19TT. How-
ever, formation of adducts was evidenced by MALDI-TOF
MS analysis (peaks at +41). These by-products resulted
from a side reaction of guanines as nucleophiles (at N1 and
NH2 in position 2, see Supporting Information) with formal-
dehyde generated by liberation of PivOM in the presence of
ammonia.[21] We noted that guanosine adducts were unstable
and disappeared after several hours in water or in triethACHTUNGTRENNUNGyl-


Scheme 1. Synthesis of 2’-O-PivOM protected phosphoramidites 5a–d.
Reagents and conditions: 1) DMTrCl, pyridine, RT; 2) Bu2SnO, Bu4NBr,
1a–d, 2,2-dichloroethane, ClCH2OCOC ACHTUNGTRENNUNG(CH3)3, microwave, 75 8C, 2.5 h
(4a 36%, 4b 38%, 4c 34%, 4d 49% from 2a–d); 3)
(iPr2N)PCl(OCH2CH2CN), iPr2NEt, CH2Cl2, RT, 3 h (5a–d 75-82% from
4a–d). DMTrCl : 4,4’-dimethoxytrityl chloride, Bp: base-protected, Ac:
acetyl, Pac: phenoxyacetyl, tBuPac: tert-butylphenoxyacetyl.


Table 1. Data for synthesized oligoribonucleotides.


5’-sequence-3’ CT[a] OY[b] AY[c] Crude material[d]


ON-1 U12dC 180 96.5 99.7 n.d.[e]


ON-2 U19TT 180 94.2 99.7 140
ON-3 CCC GUA GCU GTT 180 91.1 99.1 86
ON-4 UGG AUC CUC GAU GGUAAC GdCT 180 82.1 99.0 130
ON-5 CGU UAC CAU CGA GGA UCC AdAT 180 83.8 99.1 125


[a] CT=coupling time [s] in automated synthesis cycle. [b] OY=overall coupling yield [%]. [c] AY=average
stepwise coupling yield [%]. [d] Overall crude material O.D units measured at 260 nm UV absorption.
[e] n.d.=not determined.
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ACHTUNGTRENNUNGammonium acetate buffer. However, to avoid the formation
of adducts that occurred during ammonia concentration
under reduced pressure, isopropylamine was added just
before evaporation, affording the desired ON-3. No chain
cleavage was detected.


Then, the fully deprotected 21-mers ON-4 and ON-5 were
obtained following the optimized protocol: first piperidine
in acetonitrile for 15 min, secondly concentrated ammonia
at room temperature for 3 h and finally addition of isopro-
pylamine just before evaporation. The HPLC profile of un-
purified ON-4 (Figure 1, bottom) illustrates the efficiency of
the chain assembly and of the deprotection. For comparison,
ON-4 was prepared according standard conditions with
TBDMS chemistry. In our hands, the average stepwise cou-
pling yield was 96.8% providing ON-4 with a lower purity
than that obtained with our new methodology.


The digestion of the purified ON-4 and ON-5 by nuclease
P1 and alkaline phosphatase gave the four natural ribonu-
cleosides indicating the absence of any nucleobase modifica-
tion or unnatural internucleotide linkages. Hybridization of
21-mer ON-4 with its complementary ON-5 resulted in
duplex formation with a single cooperative transition (Tm=


79 8C).
The activity of siRNA duplex 4/5 was evaluated in an


RNAi assay that targets the Ret/PTC1 junction oncogene in-
volved in papillary thyroid carcinoma (Figure 2). The
siRNA duplex 4/5 obtained with the PivOM method had a
similar gene silencing activity (60% inhibition) to a pur-
chased siRNA duplex (siRNA AS) with the same sequence
(40% inhibition). This result confirms the integrity and
purity of the synthesized RNA by the PivOM method.


In conclusion, in the need for more robust RNA routine-
synthesis strategies to prepare siRNA, we developed a novel


methodology that disrupts the dogma “RNA synthesis is in-
compatible with a whole base labile strategy”.[3] The key
feature is the 2’-O-pivaloyloxymethyl protecting group of
the nucleotide building blocks that guarantees very high
average coupling yields >99% by using benzylmercaptote-
trazole as activator. As for TOM phosphoramidites, these
excellent yields are possibly the consequence of the low hin-
drance of the PivOM group, such that the base-labile pivalo-
yl ester is bound to the nucleoside through a small formal-
dehyde spacer. Furthermore PivOM is easy to introduce,
stable during each synthetic step, and easily removed under
basic conditions. In our strategy, RNA was protected with
exclusively base-labile groups, which were completely re-
moved in less than 3 h at room temperature in a straightfor-
ward all-base two-step procedure, first with piperidine in
acetonitrile followed by aqueous ammonia without concomi-
tant degradation of the RNA. A further strength of the
PivOM method is that it readily provides highly pure RNA
without any additional desalting step. The PivOM strategy is
a powerful and efficient method for siRNA synthesis.


Experimental Section


After chain assembly of oligoribonucleotides on an ABI model 381 A
DNA synthesizer, the solid support still in the column was dried by blow-
ing argon through it and was first treated with 10% anhydrous piperidine
in CH3CN at room temperature for 15 min to eliminate cyanoethyl
groups from phosphates. Then the piperidine solution was removed from
the column and the solid support was washed with CH3CN (3Q2 mL).
Secondly, a 28% aqueous ammonia solution was applied to the column
in three batches (1.5 mL, 1 mL, 0.5 mL) for 30 min each. The three am-
moniacal eluates were collected in a screw-capped glass vial and were
left at room temperature for a further 1.5 h to completely deprotect nu-
cleobases and 2’-hydroxyl groups. The fully deprotected oligonucleotide
was transferred to a 50 mL round-bottomed flask and isopropylamine
(15% of total volume: 0.45 mL) was added to the solution before evapo-
ration to dryness.


Figure 1. RP-HPLC analysis of crude U19TT (top) and crude ON-4
(bottom).


Figure 2. Analysis after RT-PCR quantification of Ret/PTC1 expression
inhibition by cytofectine transfected siRNA in vitro. siRNA AS: duplex
purchased, same sequences than ON-4/ON-5 ; siRNA Ct: control siRNA
purchased.
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Using transition-metal-catalyzed annulation reactions to
construct complex polycyclic systems represents a powerful
strategy for target-directed synthesis and is thus of continual
interest to the synthetic community.[1] Among numerous
methods which have been developed, the Pauson–Khand an-
nulation reaction,[2] in which tethered enynes undergo a
formal [2+2+1] cycloaddition reaction with carbon monox-
ide to afford bicyclic cyclopentenones, has been a powerful,
reliable and routine transformation for the synthesis of com-
plex polycyclic cyclopentane-containing molecules.[3]


Furthermore, in recent years, 2-(alkyn-1-yl)-2-enones have
been shown to be very useful, reactive, and versatile build-
ing blocks to furnish not only highly substituted heterocycles
such as furans[4,5a] and 4H-pyrans,[5b] but also polyfunctional
electron-deficient 1,3-dienes and allenes.[5b] To study how
fused rings affect the reactivity of 2-(alkyn-1-yl)-2-enones,
we turned our attention to the efficient synthesis of fused bi-
cyclic 2-(alkyn-1-yl)-2-enones. After retrosynthetic analysis,
we envisaged two different strategies for the preparation of
bicyclic 2-(alkyn-1-yl)-2-enones (Scheme 1). For strategy A, TMS-protected 1, 6- or 1,7-enyne 7 under-


goes the Pauson–Khand reaction (PKR)[6] and subsequent
halogenation[7] to give fused bicyclic 2-halide-2-enone 5
which undergoes cross-coupling with terminal alkynes to
give bicyclic 2-(alkyn-1-yl)-2-enones. Strategy B, on the
other hand, starts from the Sonogashira[8] or Cadiot–Chod-
kiewicz[9] cross-coupling reaction (CCR) of readily available
terminal 1, 6-enynes and 1-alkynyl bromide to give 1-ene-
6,8-diynes 2 (or 1-ene-7,9-diynes), followed by the Pauson–
Khand type reaction of 2 to give the bicyclic adduct 3. The
ability to execute 6one-pot7, sequential reactions, wherein
the product of one reaction is the starting material for the
next, is particularly significant. Strategy B has an obvious
advantage over strategy A in its potential combination of
the Pauson–Khand reaction and the subsequent transforma-
tion in a 6one-pot7 reaction.[10] Herein, we report a novel
[{Rh(CO)2Cl}2]-catalyzed Pauson–Khand-type reaction of 2
with CO to provide bicyclic 2-(alkyn-1-yl)-2-enones in mod-
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Scheme 1. Retrosynthetic analysis of fused tricyclic 4H-pyrans 4.
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erate to excellent yields (using strategy B). Furthermore,
this Pauson–Khand reaction can be combined with the
K2CO3-catalyzed [3+3] cycloaddition of 2-(alkyn-1-yl)-
enones with b-keto compounds to rapidly assemble tricyclic
heterocycles[11] with a quaternary carbon stereocenter.
As expected, various substituted and tethered enediynes 2


could be prepared in good yields by the Sonogashira cross-
coupling reaction of the corresponding readily available ter-
minal 1, 6-enynes 1[12] with 1-alkynyl bromide, catalyzed by
[Pd ACHTUNGTRENNUNG(PPh3)4] (5 mol%) and CuI (10 mol%) in the presence
of base (Scheme 2).[8]


Following the successful synthesis of 2, we screened the
reaction conditions for the formal [2+2+1] cycloaddition re-
action using enediyne 2a as the standard substrate. The re-
sults are summarized in Table 1. The reaction proceeds
smoothly under the catalysis of [{Rh(CO)2Cl}2] (5 mol%) in
the presence of CO in refluxing THF for 48 h, affording the
desired fused bicyclic 2-(alkyn-1-yl) enone 3a in 64% yield
(Table 1, entry 4). Using other solvents such as toluene (an
oft-used solvent in similar systems), 1,2-dichloroethane
(DCE), and acetonitrile, or other catalysts, such as [RhCl-
ACHTUNGTRENNUNG(PPh3)3], [RhCl(CO)ACHTUNGTRENNUNG(PPh3)2], and [{RhCl ACHTUNGTRENNUNG(cod)}2] (with vari-
ous phosphine ligands), led to lower yields. When using stoi-
chiometric amounts of the classical cobalt complex
[Co2(CO)8] in the absence of CO[13] or catalytic amounts of
[Co2(CO)8] with tetramethyl thiourea in the presence of
CO,[14] only an unidentified red complex was formed, in vari-
ous solvent and at various temperatures, indicating that the
reactivity of 2 is different with that of the corresponding 1,6-
enynes.
Various substituted enediynes were studied to determine


the scope of this transformation. The results, summarized in
Scheme 3, lead to several noteworthy conclusions: a) The
tethered atom could be carbon (dimethyl malonate), nitro-
gen (N-tosylated amine) and as well as oxygen; b) not only
substituted aromatic rings, but also alkyl groups can be in-
troduced as the terminal R group in the enediyne to give bi-


cyclic cycloadducts in moderate to excellent yields; c) a
methyl group could be incorporated at the 2-position of 1-
ene-6,8-diyne 2 i to afford the cycloadduct 3 i with a quater-
nary bridging carbon stereocenter; d) fused bicyclic [4.3.0]


Table 1. Screening conditions for the Pauson–Khand reaction of 2a.[a]


Entry RhI Catalyst Ligand Solvent Yield [%][b]


1 [{Rh(CO)2Cl}2] – toluene 44
2 [{Rh(CO)2Cl}2] – CH3CN 38
3 [{Rh(CO)2Cl}2] – DCE 37
4 [{Rh(CO)2Cl}2] – THF 64
5 ACHTUNGTRENNUNG[RhClACHTUNGTRENNUNG(PPh3)3] – THF 0
6 ACHTUNGTRENNUNG[RhCl(CO) ACHTUNGTRENNUNG(PPh3)2] – THF 0
7 ACHTUNGTRENNUNG[{RhCl ACHTUNGTRENNUNG(cod)}2] dppe THF 14
8 ACHTUNGTRENNUNG[{RhCl ACHTUNGTRENNUNG(cod)}2] dppp CH3CN 26
9 ACHTUNGTRENNUNG[{RhCl ACHTUNGTRENNUNG(cod)}2] dppp toluene 29
10 [{Rh(CO)2Cl}2] dppp toluene 43
11 [{Rh(CO)2Cl}2] binap toluene 32
12 [{Rh(CO)2Cl}2] binap THF 21


[a] Reagents and conditions used: 2a (0.25 mmol), catalyst ACHTUNGTRENNUNG(5 mol%),
ligand ACHTUNGTRENNUNG(6 mol%) in 10 mL of solvent for 24–48 h in the presence of CO
(balloon). [b] Yield of isolated product. DCE=1,2-dichloroethane; cod=


1,5-cyclooctadiene; dppe=1,2-bis(diphenylphosphino)ethane; dppp=1,3-
bis(diphenylphosphino)propane; binap=2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl.


Scheme 2. Synthesis of 1-ene-6,8-diynes 2 by Sonogashira cross-coupling
reaction of terminal 1, 6-enynes with 1-alkynyl bromide.


Scheme 3. RhI-catalyzed formal [2+2+1] cycloaddition reaction of 1-ene-
6,8-diynes in the presence of CO.
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system 3 j could be prepared in 77% yield from the corre-
sponding 1-ene-7,9-diyne 2 j.
To show the synthetic application of bicyclic 2-(alkyn-1-


yl)-2-enones, we investigated a6one-pot7 synthetic strategy to
construct tricyclic 4H-pyrans from the corresponding acyclic
1-ene-6,8-diynes 2 by the combination of formal [2+2+1] cy-
cloaddition with subsequent base-catalyzed formal [3+3] cy-
cloaddition of the cycloadducts with b-keto compounds.
After several attempts, we discovered that fused tricylic 4H-
pyrans 4 could be synthesized in 40–71% yields (two steps)
with high diastereoselectivity (single diastereoisomer) by a
simple sequential 6one-pot7 operation, that is, RhI-catalyzed
Pasuson–Khand reaction of 1-ene-6,8-diynes in refluxing
THF, followed by removal of solvent and K2CO3-catalyzed
formal [3+3] cycloaddition of the cycloadducts with b-keto
compounds in DMF[15] at room temperature (Scheme 4). It
is noteworthy that five bonds and three fused rings with one
quaternary carbon sterocenter were formed during this
simple 6one-pot7 operation, and all atoms from the three
components were incorporated into the product. The struc-
ture and relative stereochemistry of the product was estab-


lished by single-crystal X-ray diffraction of fused tricyclic
heterocycle 4ga (Figure 1).[16]


In summary, we have demonstrated a novel RhI-catalyzed
formal [2+2+1] cycloaddition reaction of 1-ene-6,8-diynes
leading to fused bicyclic 2-(alkyn-1-yl) enones in moderate
to good yields. Furthermore, we have also developed an effi-
cient, atom-economical, 6one-pot7 sequential process to rap-
idly assemble fused tricyclic heterocycles with one quaterna-
ry carbon stereocenter, with high diastereoselectivity in rea-
sonable yields. All three starting materials are readily avail-
able and the cycloadducts are readily converted into more
complex ring systems with many convertible functional
groups. The reaction scope, asymmetric catalysis, and syn-
thetic applications in natural product synthesis are being
studied in our group.


Experimental Section
Synthesis of 3g : A solution of enediyne 2g (174.4 mg, 0.5 mmol),
[{RhCl(CO)2}2 (9.8 mg, 5 mol%) in THF (10 mL) was refluxed under a
positive pressure of CO (balloon). The reaction was complete in 24 h, as
determined by thin-layer chromatography. After concentration, the resi-
due was purified by column chromatography on silica gel (hexanes/ethyl
acetate=3:1) to afford 3g (167.8 mg, yield: 89%).1H NMR (500 MHz,
CDCl3): d=7.76 (d, J=8.0 Hz, 2H), 7.49 (d, J=8.0 Hz, 2H), 7.37–7.27
(m, 5H), 4.46 (d, J=17.0 Hz, 1H), 4.19 (d, J=17.0 Hz, 1H), 4.07 (dd, J=


9.0, 8.0 Hz, 1H), 3.23–3.21 (m, 1H), 2.74 (dd, J=18.0, 7.0 Hz, 1H), 2.66
(dd, J=9.0, 1.0 Hz, 1H), 2.44 (s, 3H), 2.16 ppm (dd, J=18.0 , 3.0 Hz,
1H); 13C NMR (125.8 MHz, CDCl3): d=203.05, 178.11, 144.25,
133.50,131.92, 130.08, 129.25,128.39, 127.47, 122.44, 121.85, 99.40, 77.91,
52.52, 48.02, 42.41, 39.60, 21.55 ppm; MS (EI): m/z (%): 377 [M+] ACHTUNGTRENNUNG(65.45),
195 [M+H�Ts�CH2CO], 222 [M�Ts] (60.480); HRMS calcd for
C22H19NO3S: 377.1086, found: 377.1086.


:One-pot; synthesis of 4ga from enediyne 2g : After the cycloaddition re-
action of enediyne 2g (174.4 mg, 0.5 mmol) was complete (see above),
the solvent was removed in vacuo and the residue was dissolved in DMF
(5 mL). A solution of acetylacetone (100 mg, 1.0 mmol) in DMF (1 mL)
and K2CO3 (13.8 mg, 20 mol%) were added to the reaction mixture,
which was then stirred at room temperature until 3g was consumed.
Water (15 mL) was added and the mixture was extracted with diethyl
ether (3Q5 mL). The combined organic phase was washed successively
with water (5 mL) and saturated brine (5 mL) and then dried over
MgSO4. Solvent was removed in vacuo and the residue was purified by
column chromatography on silica gel(hexanes/ethyl acetate=3:1) to give
4ga (163.1 mg, overall yield, 68%) . 1H NMR (500 MHz, CDCl3): d=


7.65 (d, J=8.0 Hz, 2H), 7.33 (d, J=8.0 Hz, 2H), 7.32–7.20 (m, 5H), 4.15
(d, J=14.0 Hz, 1H), 4.00 (d, J=14.0 Hz, 1H), 3.38–3.33 (m, 1H), 3.22 (d,
J=10.0 Hz, 1H), 3.10 (d, J=10.0 Hz, 1H), 3.04 (d, J=10.0 Hz, 1H),
2.80–2.74 (m, 1H), 2.69 (dd, J=19.0, 11.0 Hz, 1H), 2.44 (s, 3H), 2.29 (s,
3H), 2.23 (dd, J=19.0,7.0 Hz, 1H), 2.02 ppm (s, 3H); 13C NMR
(125.8 MHz, CDCl3): d =202.04, 200.79, 159.00, 153.24, 143.85, 136.04,
132.10, 129.68, 129.06, 128.59, 127.85, 126.92, 119.21, 115.23, 61.85, 55.35,
49.43, 44.91, 40.78, 34.85, 32.58, 21.56, 18.35 ppm; MS (EI): m/z (%): 477
[M+] (1.14), 322 (100) [M�Ts]; HRMS calcd for C27H27NO5S: 477.1610,
found: 477.1610.
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Scheme 4. 6One-pot7 synthesis of fused tricyclic heterocycles by sequen-
tial, [2+2+1] and [3+3] cycloadditions.


Figure 1. Molecular structure of racemic 4ga, determined by X-ray dif-
fraction . Thermal ellipsoids are set at 30% probability.
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Amino Acid-Catalyzed Cascade [3+2]-Cycloaddition/Hydrolysis Reactions
Based on the Push–Pull Dien ACHTUNGTRENNUNGamine Platform: Synthesis of Highly
Functionalized NH-1,2,3-Triazoles


Dhevalapally B. Ramachary,* Kinthada Ramakumar, and Vidadala V. Narayana[a]


1,2,3-Triazoles are an important class of heterocycles,
which display very large spectrum of biological activities
and are widely used as pharmaceuticals and agrochemicals.[1]


Compounds containing 1,2,3-triazoles have also found indus-
trial applications as corrosion inhibitors, lubricants, dyes,
and photostabilizers.[1] As such, the development of new and
more general methods for their preparation is of significant
interest.[2] The conventional method to triazoles is the Huis-
gen 1,3-dipolar cycloaddition of alkynes with azides. Recent
discovery of the novel technology of CuI-catalyzed [3+2]-
cycloaddition reactions of terminal alkynes with organic
azides provided a general route to a variety of 1,4-disubsti-
tuted 1,2,3-triazoles in good yields, and it has become a
paradigm of a “click chemistry” reaction.[3] The advent of
click reaction technology triggered a burst of activity in the


synthesis of a huge variety of differently substituted 1,2,3-tri-
azoles as in vitro and in vivo conditions.[4]


Recently, the copper-catalyzed azide–alkyne click reaction
has proven extremely valuable for attaching small molecular
probes to various biomolecules in a test tube or on immobi-
lized cells.[5] However, its use in the labeling of biomolecule
in living cells or organisms is not feasible because the reac-
tion conditions require a cytotoxic copper catalyst.[5]


As part of our program to engineer direct organocatalytic
cascade reactions,[6] herein we have report the discovery of a
copper-free, novel and green technology for the synthesis of
highly substituted a-diazo compounds and NH-1,2,3-tria-
zoles using organocatalytic cascade enamine amination/elim-
ination (EA/E) and [3+2]-cycloaddition/hydrolysis ([3+2]-
CA/H) reactions from commercially available activated
enones, azides and amines/amino acid [Eq. (1)]. In this com-
munication, we report to the best of knowledge for the first
time an organocatalytic approach for the synthesis of NH-
1,2,3-triazole products.
Over the last few years, we have been interested in


amine-mediated in situ generation and application of novel
push–pull dienamines/push–pull dienols [A and B, see
Eq. (2)] in cascade reactions from Hagemann3s esters with
nitrogen-containing species for the formation of C�N
bonds.[7] During our search for new coupling species for
such processes, we decided to explore the potential ability
of organic azides to participate in an amine/amino acid-cata-
lyzed coupling reaction. We expected that the coupling of
an organic azide with in situ generated push–pull dien-
amines would lead to protected 1,2,3-triazoles. However,
protected 1,2,3-triazoles were not detected, but instead NH-
1,2,3-triazoles were obtained under the standard reaction
conditions. This unexpected result of the cascade reaction
represents a novel methodology for the preparation of NH-
1,2,3-triazoles and a new reactivity for amino acid catalysts.
Herein, we report our findings regarding these new amino
acid-catalyzed cascade reactions.
We initiated our preliminary studies of the cascade EA/E


or [3+2]-CA/H reactions by screening a number of both
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known and new organocatalysts for the amination of Hage-
mann3s ester 1a by 0.5 to 1.0 equivalents of p-toluenesulfon-
yl azide (TsN3) 2a ; some representative results are shown in
Table 1. Interestingly, reaction of 1a with 1.0 equiv of 2a in
DMSO under 20 mol% of glycine (3a) catalysis furnished
the cascade [3+2]-CA/H product NH-1,2,3-triazole 6aa as
single product with only 25% yield (Table 1, entry 1). The
same reaction with 20 mol% of l-proline (3b) catalysis also
furnished the NH-1,2,3-triazole 6aa as single product with
55% yield (Table 1, entry 2). Interestingly, reaction of 1a
with 1.0 equiv of 2a under diamine 3c catalysis generated
the cascade EA/E diazo-product 4aa with 83% yield in
DMSO and there are no products from the cascade [3+2]-
CA/H sequence (Table 1, entry 3). Secondary amines such
as piperidine (3d), morpholine (3e), and pyrrolidine (3 f)
catalysts also furnished the cascade EA/E diazo-product 4aa
with good yields in DMSO solvent (entries 4, 5 and 6). Pri-
mary amine, benzylamine (3g) also catalyzed the formation
of cascade diazo-product 4aa in very good yield (entries 7–
9). Benzylamine-catalyzed cascade EA/E reactions are sol-
vent-dependent reactions, which work well in aprotic polar
solvents, such as DMSO, DMF and NMP: only <15% con-
version is observed in other solvents, such as EtOH,
CH3CN, CHCl3, THF, H2O and [bmim]BF4 (Table 1, en-
tries 11–12). Addition of 20 mol% of simple tertiary amines,
such as Et3N (3h), Me2NCH2CH2OH (3 i), DBU (3 j),
DABCO (3k) and DMAP (3 l) as the catalyst in DMSO at
25 8C for 1.5 h furnished the cascade EA/E diazo-product
4aa as single compound in 65–77% yields as shown in
Table 1, entries 13–17. We envisioned the optimized condi-
tion to be 25 8C in DMSO under 20–40 mol% benzylamine
(3g) catalysis to furnish the highly substituted diazo-product
4aa in 83–90% yield (Table 1, entries 7–9).
Reaction of 1a with 2a under amino acid 3b catalysis fur-


nished the interesting [3+2]-CA/H cascade product 6aa as
single product (Table 1, entry 2). To improve the reaction
yield, we screened a number of reaction conditions for the
coupling of Hagemann3s ester 1a by 0.5 to 1.0 equiv of 2a
under 3b catalysis; some representative results are shown in
Table 2. Reaction of 1a with 1.0 equiv 2a in EtOH under
20 mol% 3b catalysis furnished 6aa as single product with
only 30% yield (Table 2, entry 1). Interestingly, same reac-
tion in MeOH furnished the unhydrolyzed 1,2,3-triazole 5aa
as single product with 35% yield (Table 2, entry 2). Reac-
tion of 1a with 1.0 equiv of 2a under 3b catalysis in DMSO
at 70 8C for 5 h furnished 6aa in 65% yield (Table 2,
entry 4). Increasing the catalyst 3b loading from 20 to
50 mol% or substrate 1a loading from 1.0 to 2.0 equiv, yield
of cascade product 6aa increased drastically from 55 to 90/
94% at 25 8C for 24 h in DMSO solvent as shown in Table 2,
entries 5–6 and 10–11. Interestingly, amino acid catalyzed
cascade [3+2]-CA/H reactions are also solvent dependent
reactions and performed well in aprotic polar solvents such
as DMSO, DMF and NMP; only <15% conversion is ob-
served in other solvents such as CH3CN, CHCl3, THF, H2O
and c-C6H12 (Table 2, entries 7–9). Cascade reaction of 1a
with 2a under 3b catalysis in DMF at 25 8C for 24 h fur-


nished the unhydrolyzed 1,2,3-triazole 5aa in 55% yield ac-
companying with product 6aa in 10% yield as shown in
Table 2, entry 7. Same cascade reaction in NMP as solvent
furnished the products 5aa and 6aa in 60 and 10% yield, re-
spectively (Table 2, entry 8). We envisioned the optimized


Table 1. Preliminary study for the reaction optimization.[a]


Entry Catalyst 3 t[h] Yield[%][b]


ACHTUNGTRENNUNG[20 mol%] 4aa 5aa 6aa


1 glycine (3a) 96 – – 25
2 proline (3b) 24 – – 55
3 diamine (3c)[c] 0.75 83 – –
4 piperidine (3d) 0.75 83 – –
5 morpholine (3e) 0.75 73 – –
6 pyrrolidine (3 f) 1.0 67 – –
7 benzylamine (3g) 0.75 83 – –
8[d] 3g 0.75 85 – –
9[e] 3g 0.70 90 – –
10[f] 3g 0.75 80 – –
11[g] 3g 0.75 70 – –
12[h] 3g 0.75 80 – –
13 Et3N (3h) 1.5 65 – –
14 Me2NCH2CH2OH (3 i) 1.5 71 – –
15 DBU (3j) 1.5 58 – –
16 DABCO (3k) 1.5 77 – –
17 DMAP (3 l) 1.5 67 – –


[a] Reactions were carried out in solvent (0.3m) with 1.0 equiv of 1a rela-
tive to the 2a in the presence of 20 mol% of catalyst 3. Ts=p-toluenesul-
fonyl; [b] Yield refers to the column-purified product. [c] (S)-1-(2-Pyrro-
lidinylmethyl)pyrrolidine (3c). [d] 30 mol% of 3g was used. [e] 40 mol%
of 3g was used. [f] 2.0 equiv of 1a was used. [g] DMF used as solvent. [h]
NMP used as solvent.


Table 2. Reaction optimization for the NH-1,2,3-triazole synthesis.


Entry 0.5m Ester 1a T [8C] t [h] Yield [%][a]


Solvent ACHTUNGTRENNUNG[equiv] 5aa 6aa


1 EtOH 1.0 25 120 – 30
2 MeOH 1.0 25 120 35 -
3 DMSO 1.0 25 24 – 55
4 DMSO 1.0 70 5 – 65
5[b] DMSO 1.0 25 24 – 76
6[c] DMSO 1.0 25 24 – 90
7 DMF 1.0 25 24 55 10
8 NMP 1.0 25 24 60 10
9 NMP 2.0 25 19 70 10
10 DMSO 2.0 25 24 – 94
11 DMSO 2.0 80 5 – 91
12 DMSO 0.5 80 5 – 75


[a] Yield refers to the column purified product. [b] Proline 3b was used
as 40 mol%. [c] Proline 3b was used as 50 mol%.
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conditions to be addition of 2.0 equiv of 1a to 2a under
20 mol% 3b catalysis in DMSO or NMP at 25 8C for 24 h to
furnish the cascade products 6aa and 5aa in 94 and 70%
yield, respectively (Table 2, entry 9 and 10). Structure and
regiochemistry of 4-methyl-1-(toluene-4-sulfonyl)-6,7-dihy-
dro-1H-benzotriazole-5-carboxylic acid ethyl ester (5aa) and
4-methyl-6,7-dihydro-1H-benzotriazole-5-carboxylic acid
ethyl ester (6aa) was also confirmed by X-ray structure
analysis as shown in Figures S1 and S2 (see Supporting In-
formation).[8]


After successful demonstra-
tion of cascade EA/E and [3+


2]-CA/H reactions from 1a
with 2a under amine or amino
acid-catalysis, we also investi-
gated the amine or amino acid
catalyzed cascade reaction of
1a with the other azides such
MsN3 (2b), N3CO2Et (2c), 4-
NO2C6H4SO2N3 (pNBSA) (2d),
2-NO2C6H4SO2N3 (oNBSA)
(2e), BnN3 (2 f) and TMSN3


(2g), but the diazotization or
NH-1,2,3-triazole formation of
the 1a was inferior compared
to 2a as shown in Table S1, en-
tries 1–7 (see Supporting Infor-
mation).
With the optimized reaction


conditions in hand, the scope of
the amino acid- and amine-cat-
alyzed [3+2]-CA/H and EA/E
cascade reactions was investi-
gated. A series of substituted
Hagemann3s esters 1a–m was
reacted with 0.5 equivalents of
azides 2a–b catalyzed by
20 mol% of 3b at 25 8C in
DMSO (Table 3). Both aliphat-
ic and aromatic substituted Ha-
gemann3s esters 1 were fur-
nished the expected NH-1,2,3-
triazoles 6 with excellent yields
(Table 3). Yields of the cascade
[3+2]-CA/H products 6 were
increased by the prolonging re-
actions time up to 24 h and also
water content of the DMSO
solvent. These are ideal exam-
ples for the biomimetic solvent
induced cascade chemistry in
organic reactions. For example,
proline-mediated reaction of
simple Hagemann3s esters 1k, l
and m with 2a in DMSO at
25 8C for 1 h furnished the ex-
pected unhydrolyzed 1,2,3-tria-


zoles 5ka, la and ma in 50, 70 and 65% yield, respectively,
as shown in Table 3, entries 11–13. But unfortunately we are
not observed the enantioselectivity in the 3b-mediated cas-
cade reaction of 6-substituted Hagemann3s esters 1 with 2a.
Fascinatingly, reaction of 3,4-dihydro-1H-naphthalen-2-one
(1n) with azides 2a or 2b at 25 8C for 1 h in DMSO under
amino acid catalysis furnished the expected 1,2,3-triazoles
5na/5nb in combination with 6na/6nb in almost quantitative
yields with excellent regioselectivity as shown in Table 3.
Regiochemistry of cascade products 5na–nb/6na–nb was


Table 3. Chemically diverse libraries of NH-1,2,3-triazoles 6.


Entry Product Yield [%][a] Entry Product Yield [%][a]


1 94 8 70


2 90 9 65


3 90 10 55


4 65 11 50


5 75 12 70


6 80 13 65


7 70
14[b]


15[b,c]
80
80


[a] Yield refers to the column-purified product. For the entries 1–10, reaction time is 12–24 h and for the en-
tries 11–15, time is 0.75–1.0 h. [b] In both reactions, 15–20% of corresponding hydrolyzed NH-1,2,3-triazole
6na/6nb were isolated. [c] 2b was used instead of 2a.
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confirmed by NMR analysis and also finally confirmed by
X-ray structure analysis on 5na (see Figure S3, Supporting
Information).[8] Cascade products 5na/6na would be very in-
teresting model analogues for the studies of inhibitors of
hMetAP2 as shown in Equation (2).
We also generated the highly functionalized diversity ori-


ented library of cascade EA/E products 4 under primary
amine catalysis. The results in Table 4 demonstrate the
broad scope of this novel green methodology covering a
structurally diverse group of Hagemann3s esters 1a–g and
2a generally with very good yields compared with tertiary
amine catalysis. Cascade EA/E reaction of Hagemann3s
esters 1a–g, 2a under 3g catalysis furnished diazo products
4aa–4ga in good yields (Table 4). Structure and regiochem-
istry of cascade EA/E products 4 was also confirmed by X-
ray structure analysis on 4ba (Figure S4, see Supporting In-
formation).[8]


The possible reaction mechanism for the synthesis of cas-
cade products 4, 5 and 6 through reaction of Hagemann3s
ester 1a, 2a and amine/amino
acid 3 is illustrated in Scheme 1.
The reaction mechanism can be
divided into three categories (I,
II and III) as catalyzed by three
different amines as shown in
Scheme 1. In the first category
(I), reaction of tertiary amines
with Hagemann3s ester 1a gen-
erates the push–pull dienol 7
based on reaction conditions.[7b]


Reaction of push–pull dienol 7
with 2a furnish the selectively
amination product 9, which will
give product 10 via keto–enol
tautomerism by treatment with
basic amine. Rearrangement
followed by elimination of tolu-
ene-4-sulfonamide of 10 con-
verted into highly substituted
diazo-product 4aa. In the
second category (II), reaction
of primary amine 3g with Ha-
gemann3s ester 1a generates
the push–pull dienamine 11,[7b]


which on treatment with 2a
furnish the selectively amina-
tion product 12, which will
transform into product 13 via
imine–enamine tautomerism by
treatment with basic amine.
Rearrangement followed by
elimination of toluene-4-sulfo-
namide of 13 and hydrolysis of
resulting imine gives to the
highly substituted diazo-prod-
uct 4aa. In the third category
(III), reaction of secondary


amino acid 3b with Hagemann3s ester 1a generates the
push–pull dienamine 14,[7b] which on treatment with 2a fur-
nish the selectively 7a-(2-carboxy-pyrrolidin-1-yl)-4-methyl-
1-(toluene-4-sulfonyl)-3a,6,7,7a-tetrahydro-1H-benzotria-
zole-5-carboxylic acid ethyl ester (16) via concerted [3+2]-
cycloaddition, which may transform into product 5aa
through rapid elimination of 3b. Possible weak interactions
from acid group in transition state 15 will be the driving
force to undergo concerted [3+2]-cycloaddition compare to
8/11 transition states. The solvent (DMSO) induced in situ
hydrolysis of resulting 1,2,3-triazole 5aa gives to the NH-
1,2,3-triazole 6aa in good yields as shown in Scheme 1. This
in situ hydrolysis step is totally influenced by the water con-
tent of the DMSO solvent and not in the workup stage.
In summary, we have first time developed the synthesis of


NH-1,2,3-triazole products 5 and 6 from simple starting ma-
terials via [3+2]-CA/H reactions under amino acid catalysis.
The cascade reaction proceeds in good yields with high se-
lectivity using proline as the catalyst. Furthermore, we have


Table 4. Chemically diverse libraries of diazo-products 4.[a]


90% (4aa) 80% (4ba) 65% (4ca) 50% (4da) 50% (4 fa) 70% (4ga)


[a] Yield refers to the column-purified product.


Scheme 1. Proposed reaction mechanism.
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demonstrated the bio-mimetic solvent induced hydrolysis in
amino acid-catalyzed cascade reactions. Further work is in
progress to develop asymmetric version of cascade [3+2]-
CA/H reactions.


Experimental Section


Experimental procedures, characterization data for new products, and
complete details about the synthesis of new products are available in the
Supporting Information.


Acknowledgements


This study was supported by the Department of Science and Technology
(DST), New Delhi. K.R.K. and V.V.N. thank Council of Scientific and In-
dustrial Research (CSIR), New Delhi for their research fellowships. We
thank Dr. P. Raghavaiah for X-ray structural analysis.


Keywords: cascade reactions · cycloaddition ·
organocatalysis · push–pull dienamine · triazoles


[1] a) L. S. Kallander, Q. Lu, W. Chen, T. Tomaszek, G. Yang, D. Tew,
T. D. Meek, G. A. Hofmann, C. K. Schulz-Pritchard, W. W. Smith,
C. A. Janson, M. D. Ryan, G. F. Zhang, K. O. Johanson, R. B. Kirkpa-
trick, T. F. Ho, P. W. Fisher, M. R. Mattern, R. K. Johnson, M. J.
Hansbury, J. D. Winkler, K. W. Ward, D. F. Veber, S. K. Thompson, J.
Med. Chem. 2005, 48, 5644–5647; b) L. M. Palmer, C. A. Janson,
W. W. Smith, PCT Int. Appl. 2005, p. 347. CODEN: PIXXD2 WO
2005016237 A2 20050224, CAN: 142:256748 (patent written in Eng-
lish); c) A. C. Tome, Sci. Synth. 2004, 13, 415–601; d) L. S. Kallander,
S. K. Thompson, PCT Int. Appl. 2001, p. 44. CODEN: PIXXD2
2001078723 A1 20011025, CAN: 135:331429 (patent written in Eng-
lish); e) J. O. F. Melo, C. L. Donnici, R. Augusti, M. T. P. Lopes, A. G.
Mikhailovskii, Heterocycl. Commun. 2003, 9, 235–238; f) P. W.
Baures, Org. Lett. 1999, 1, 249–252.


[2] a) V. P. Krivopalov, O. P. Shkurko, Russ. Chem. Rev. 2005, 74, 339–
379; b) for the reactions of organic azides with preformed enamines,
see: M. Brunner, G. Maas, F. G. Klaerner, Helv. Chim. Acta 2005, 88,
1813–1825, and references therein; c) J. Barluenga, C. Valdes, G. Bel-
tran, M. Escribano, F. Aznar, Angew. Chem. 2006, 118, 7047–7050;
Angew. Chem. Int. Ed. 2006, 45, 6893–6896; d) V. Aucagne, D. A.
Leigh, Org. Lett. 2006, 8, 4505–4507; e) T. Jin, S. Kamijo, Y. Yama-
moto, Eur. J. Org. Chem. 2004, 3789–3791; f) S. Kamijo, Z. Huo, T.
Jin, C. Kanazawa, Y. Yamamoto, J. Org. Chem. 2005, 70, 6389–6397.


[3] a) C. W. Tornoe, C. Christensen, M. Meldal, J. Org. Chem. 2002, 67,
3057–3064; b) V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B.
Sharpless, Angew. Chem. 2002, 114, 2708–2711; Angew. Chem. Int.
Ed. 2002, 41, 2596–2599; c) L. V. Lee, M. L. Mitchell, S. J. Huang,
V. V. Fokin, K. B. Sharpless, C. H. Wong, J. Am. Chem. Soc. 2003,


125, 9588–9589; d) A. E. Speers, G. C. Adam, B. F. Cravatt, J. Am.
Chem. Soc. 2003, 125, 4686–4687; e) J. F. Lutz, Z. Zarafshani, Adv.
Drug Delivery Rev. 2008, 60, 958–970; f) H. Nandivada, X. Jiang, J.
Lahann, Adv. Mater. 2007, 19, 2197–2208; g) W. H. Binder, C.
Kluger, Curr. Org. Chem. 2006, 10, 1791–1815; h) M. Whiting, J. Mul-
doon, Y. C. Lin, S. M. Silverman, W. Lindstrom, A. J. Olson, H. C.
Kolb, M. G. Finn, K. B. Sharpless, J. H. Elder, V. V. Fokin, Angew.
Chem. 2006, 118, 1463–1467; Angew. Chem. Int. Ed. 2006, 45, 1435–
1439; i) see also: QSAR Comb. Sci. 2007, 26, Issues 11–12. Special
edition devoted to click chemistry.


[4] a) C. W. Tornoe, S. J. Sanderson, J. C. Mottram, G. H. Coombs, M.
Meldal, J. Comb. Chem. 2004, 6, 312–324; b) A. E. Speers, B. F. Cra-
vatt, Chem. Biol. 2004, 11, 535–546; c) A. Dondoni, A. Marra, J.
Org. Chem. 2006, 71, 7546–7557; d) M. Whiting, J. C. Tripp, Y.-C.
Lin, W. Lindstrom, A. J. Olson, J. H. Elder, K. B. Sharpless, V. V.
Fokin, J. Med. Chem. 2006, 49, 7697–7710; e) K. El Akri, K. Bougrin,
J. Balzarini, A. Faraj, R. Benhida, Bioorg. Med. Chem. Lett. 2007, 17,
6656–6659; f) J. E. Moses, A. D. Moorhouse, Chem. Soc. Rev. 2007,
36, 1249–1262; g) S. B. Buck, J. Bradford, K. R. Gee, B. J. Agnew,
S. T. Clarke, A. Salic, BioTechniques 2008, 44, 927–929; h) G. C.
Tron, T. Pirali, R. A. Billington, P. L. Canonico, G. Sorba, A. A. Gen-
azzani, Med. Res. Rev. 2008, 28, 278–308; i) M. Nakane, S. Ichikawa,
A. Matsuda, J. Org. Chem. 2008, 73, 1842–1851.


[5] a) “Copper-free click chemistry”: C. H. Arnaud, Chem. Eng. News
2007, 85, 15–15; b) J. M. Baskin, J. A. Prescher, S. T. Laughlin, N. J.
Agard, P. V. Chang, I. A. Miller, A. Lo, J. A. Codelli, C. R. Bertozzi,
Proc. Natl. Acad. Sci. USA 2007, 104, 16793–16797; c) J. A. Johnson,
J. M. Baskin, C. R. Bertozzi, J. T. Koberstein, N. J. Turro, Chem.
Commun. 2008, 3064–3066; d) J. M. Baskin, C. R. Bertozzi, QSAR
Comb. Sci. 2007, 26, 1211–1219; e) J. Geng, J. Lindqvist, G. Mantova-
ni, G. Chen, C. T. Sayers, G. J. Clarkson, D. M. Haddleton, QSAR
Comb. Sci. 2007, 26, 1220–1228.


[6] a) D. B. Ramachary, C. F. Barbas III, Chem. Eur. J. 2004, 10, 5323–
5331; b) D. B. Ramachary, M. Kishor, K. Ramakumar, Tetrahedron
Lett. 2006, 47, 651–656; c) D. B. Ramachary, M. Kishor, G. Babul
Reddy, Org. Biomol. Chem. 2006, 4, 1641–1646; d) D. B. Ramachary,
G. Babul Reddy, Org. Biomol. Chem. 2006, 4, 4463–4468; e) D. B.
Ramachary, G. Babul Reddy, M. Rumpa, Tetrahedron Lett. 2007, 48,
7618–7623; f) D. B. Ramachary, M. Kishor, J. Org. Chem. 2007, 72,
5056–5068; g) D. B. Ramachary, M. Kishor, Y. V. Reddy, Eur. J. Org.
Chem. 2008, 975–998; h) D. B. Ramachary, Y. V. Reddy, B. V. Pra-
kash, Org. Biomol. Chem. 2008, 6, 719–726; i) D. B. Ramachary, R.
Sakthidevi, Org. Biomol. Chem. 2008, 6, 2488–2492.


[7] a) D. B. Ramachary, K. Ramakumar, M. Kishor, Tetrahedron Lett.
2005, 46, 7037–7042; b) D. B. Ramachary, K. Ramakumar, V. V. Nar-
ayana, J. Org. Chem. 2007, 72, 1458–1463; c) D. B. Ramachary, V. V.
Narayana, K. Ramakumar, Tetrahedron Lett. 2008, 49, 2704–2709;
d) D. B. Ramachary, V. V. Narayana, K. Ramakumar, Eur. J. Org.
Chem. 2008, 3907–3911.


[8] CCDC 689189 (5aa), 689190 (6aa), 690284 (5na) and 689188 (4ba)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Received: July 1, 2008
Published online: September 2, 2008


Chem. Eur. J. 2008, 14, 9143 – 9147 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9147


COMMUNICATIONHighly Functionalized Triazoles



http://dx.doi.org/10.1021/jm050408c

http://dx.doi.org/10.1021/jm050408c

http://dx.doi.org/10.1021/jm050408c

http://dx.doi.org/10.1021/jm050408c

http://dx.doi.org/10.1021/ol990586y

http://dx.doi.org/10.1021/ol990586y

http://dx.doi.org/10.1021/ol990586y

http://dx.doi.org/10.1070/RC2005v074n04ABEH000893

http://dx.doi.org/10.1070/RC2005v074n04ABEH000893

http://dx.doi.org/10.1070/RC2005v074n04ABEH000893

http://dx.doi.org/10.1002/hlca.200590142

http://dx.doi.org/10.1002/hlca.200590142

http://dx.doi.org/10.1002/hlca.200590142

http://dx.doi.org/10.1002/hlca.200590142

http://dx.doi.org/10.1002/ange.200601045

http://dx.doi.org/10.1002/ange.200601045

http://dx.doi.org/10.1002/ange.200601045

http://dx.doi.org/10.1002/anie.200601045

http://dx.doi.org/10.1002/anie.200601045

http://dx.doi.org/10.1002/anie.200601045

http://dx.doi.org/10.1021/ol061657d

http://dx.doi.org/10.1021/ol061657d

http://dx.doi.org/10.1021/ol061657d

http://dx.doi.org/10.1002/ejoc.200400442

http://dx.doi.org/10.1002/ejoc.200400442

http://dx.doi.org/10.1002/ejoc.200400442

http://dx.doi.org/10.1021/jo050836q

http://dx.doi.org/10.1021/jo050836q

http://dx.doi.org/10.1021/jo050836q

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1021/ja0302836

http://dx.doi.org/10.1021/ja0302836

http://dx.doi.org/10.1021/ja0302836

http://dx.doi.org/10.1021/ja0302836

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1016/j.addr.2008.02.004

http://dx.doi.org/10.1016/j.addr.2008.02.004

http://dx.doi.org/10.1016/j.addr.2008.02.004

http://dx.doi.org/10.1016/j.addr.2008.02.004

http://dx.doi.org/10.1002/adma.200602739

http://dx.doi.org/10.1002/adma.200602739

http://dx.doi.org/10.1002/adma.200602739

http://dx.doi.org/10.2174/138527206778249838

http://dx.doi.org/10.2174/138527206778249838

http://dx.doi.org/10.2174/138527206778249838

http://dx.doi.org/10.1002/ange.200502161

http://dx.doi.org/10.1002/ange.200502161

http://dx.doi.org/10.1002/ange.200502161

http://dx.doi.org/10.1002/ange.200502161

http://dx.doi.org/10.1002/anie.200502161

http://dx.doi.org/10.1002/anie.200502161

http://dx.doi.org/10.1002/anie.200502161

http://dx.doi.org/10.1021/cc020085v

http://dx.doi.org/10.1021/cc020085v

http://dx.doi.org/10.1021/cc020085v

http://dx.doi.org/10.1016/j.chembiol.2004.03.012

http://dx.doi.org/10.1016/j.chembiol.2004.03.012

http://dx.doi.org/10.1016/j.chembiol.2004.03.012

http://dx.doi.org/10.1021/jo0607156

http://dx.doi.org/10.1021/jo0607156

http://dx.doi.org/10.1021/jo0607156

http://dx.doi.org/10.1021/jo0607156

http://dx.doi.org/10.1021/jm060754+

http://dx.doi.org/10.1021/jm060754+

http://dx.doi.org/10.1021/jm060754+

http://dx.doi.org/10.1039/b613014n

http://dx.doi.org/10.1039/b613014n

http://dx.doi.org/10.1039/b613014n

http://dx.doi.org/10.1039/b613014n

http://dx.doi.org/10.2144/000112812

http://dx.doi.org/10.2144/000112812

http://dx.doi.org/10.2144/000112812

http://dx.doi.org/10.1002/med.20107

http://dx.doi.org/10.1002/med.20107

http://dx.doi.org/10.1002/med.20107

http://dx.doi.org/10.1021/jo702459b

http://dx.doi.org/10.1021/jo702459b

http://dx.doi.org/10.1021/jo702459b

http://dx.doi.org/10.1073/pnas.0707090104

http://dx.doi.org/10.1073/pnas.0707090104

http://dx.doi.org/10.1073/pnas.0707090104

http://dx.doi.org/10.1039/b803043j

http://dx.doi.org/10.1039/b803043j

http://dx.doi.org/10.1039/b803043j

http://dx.doi.org/10.1039/b803043j

http://dx.doi.org/10.1002/qsar.200740086

http://dx.doi.org/10.1002/qsar.200740086

http://dx.doi.org/10.1002/qsar.200740086

http://dx.doi.org/10.1002/qsar.200740086

http://dx.doi.org/10.1002/qsar.200740089

http://dx.doi.org/10.1002/qsar.200740089

http://dx.doi.org/10.1002/qsar.200740089

http://dx.doi.org/10.1002/qsar.200740089

http://dx.doi.org/10.1002/chem.200400597

http://dx.doi.org/10.1002/chem.200400597

http://dx.doi.org/10.1002/chem.200400597

http://dx.doi.org/10.1016/j.tetlet.2005.11.128

http://dx.doi.org/10.1016/j.tetlet.2005.11.128

http://dx.doi.org/10.1016/j.tetlet.2005.11.128

http://dx.doi.org/10.1016/j.tetlet.2005.11.128

http://dx.doi.org/10.1039/b602696f

http://dx.doi.org/10.1039/b602696f

http://dx.doi.org/10.1039/b602696f

http://dx.doi.org/10.1039/b612611a

http://dx.doi.org/10.1039/b612611a

http://dx.doi.org/10.1039/b612611a

http://dx.doi.org/10.1016/j.tetlet.2007.08.129

http://dx.doi.org/10.1016/j.tetlet.2007.08.129

http://dx.doi.org/10.1016/j.tetlet.2007.08.129

http://dx.doi.org/10.1016/j.tetlet.2007.08.129

http://dx.doi.org/10.1021/jo070277i

http://dx.doi.org/10.1021/jo070277i

http://dx.doi.org/10.1021/jo070277i

http://dx.doi.org/10.1021/jo070277i

http://dx.doi.org/10.1002/ejoc.200701014

http://dx.doi.org/10.1002/ejoc.200701014

http://dx.doi.org/10.1002/ejoc.200701014

http://dx.doi.org/10.1002/ejoc.200701014

http://dx.doi.org/10.1039/b718122a

http://dx.doi.org/10.1039/b718122a

http://dx.doi.org/10.1039/b718122a

http://dx.doi.org/10.1039/b806243a

http://dx.doi.org/10.1039/b806243a

http://dx.doi.org/10.1039/b806243a

http://dx.doi.org/10.1016/j.tetlet.2005.08.051

http://dx.doi.org/10.1016/j.tetlet.2005.08.051

http://dx.doi.org/10.1016/j.tetlet.2005.08.051

http://dx.doi.org/10.1016/j.tetlet.2005.08.051

http://dx.doi.org/10.1021/jo0623639

http://dx.doi.org/10.1021/jo0623639

http://dx.doi.org/10.1021/jo0623639

http://dx.doi.org/10.1016/j.tetlet.2008.02.159

http://dx.doi.org/10.1016/j.tetlet.2008.02.159

http://dx.doi.org/10.1016/j.tetlet.2008.02.159

http://dx.doi.org/10.1002/ejoc.200800472

http://dx.doi.org/10.1002/ejoc.200800472

http://dx.doi.org/10.1002/ejoc.200800472

http://dx.doi.org/10.1002/ejoc.200800472

www.chemeurj.org






New Benzo[h]quinoline-Based Ligands and their Pincer Ru and Os
Complexes for Efficient Catalytic Transfer Hydrogenation of Carbonyl
Compounds


Walter Baratta,*[a] Maurizio Ballico,[a] Salvatore Baldino,[b] Giorgio Chelucci,[b]


Eberhardt Herdtweck,[c] Katia Siega,[a] Santo Magnolia,[a] and Pierluigi Rigo[a]


� 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9148 – 91609148


DOI: 10.1002/chem.200800888







Introduction


Asymmetric reduction of prochiral ketones for the synthesis
of optical active alcohols is one of the most researched
areas in homogeneous catalysis. Among the catalytic meth-
ods available for the accomplishment of this transformation,
enantioselective hydrogenation with molecular H2 (HY)[1]


and transfer hydrogenation (TH)[2] are continuously being
developed and represent a current subject of industrial and
academic research. Noyori and co-workers pioneered the re-
search in both areas, leading to the development of the effi-
cient catalytic systems [RuCl ACHTUNGTRENNUNG(h6-arene)(H2NCHPhCHPh-
ACHTUNGTRENNUNGNTs)] and trans-[RuCl2(PP)(1,2-diamine)] (PP=diphos-
phane) for the asymmetric TH and HY of ketones, respec-
tively.[3] The use of ancillary ligands featuring an NH func-
tionality is crucial for the achievement of excellent results


both in terms of activity and enantioselectivity (bifunctional
catalysis).[4] In this context our research group found that re-
placement of the diamine in [RuCl2(PP)(1,2-diamine)] with
the mixed bidentate nitrogen ligand 1-(pyridin-2-yl)methan-
amine (Pyme), or the 1-substituted analogous ligands
(RPyme), affords the complexes cis-[RuCl2(PP) ACHTUNGTRENNUNG(RPyme)]
that are highly efficient catalysts for the asymmetric TH of
ketones (Figure 1).[5]


Importantly, the same system has also been proven to effi-
ciently catalyze the HY of several ketones, including bulky
and poor reactive substrates, such as tert-alkyl ketones.[6]


The remarkable acceleration effect of Pyme in TH has also


Abstract: New benzo[h]quinoline li-
gands (HCN’N) containing a CHRNH2


(R=H (a), Me (b), tBu (c)) function in
the 2-position were prepared starting
from benzo[h]quinoline N-oxide (in the
case of ligand a) and 2-chlorobenzo[h]-
quinoline (for ligands b and c). These
compounds were used to prepare
ruthenium and osmium complexes,
which are excellent catalysts for the
transfer hydrogenation (TH) of ke-
tones. The reaction of a with [RuCl2-
ACHTUNGTRENNUNG(PPh3)3] in 2-propanol at reflux afford-
ed the terdentate CN’N complex
[RuCl ACHTUNGTRENNUNG(CN’N)ACHTUNGTRENNUNG(PPh3)2] (1), whereas the
complexes [RuCl ACHTUNGTRENNUNG(CN’N)ACHTUNGTRENNUNG(dppb)] (2–4 ;
dppb=Ph2PACHTUNGTRENNUNG(CH2)4PPh2) were obtained
from [RuCl2 ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(dppb)] with a–c, re-
spectively. Employment of (R,S)-Josi-
phos, (S,R)-Josiphos*, (S,S)-Skewphos,
and (S)-MeO-Biphep in combination
with [RuCl2ACHTUNGTRENNUNG(PPh3)3] and ligand a gave
the chiral derivatives [RuCl-
ACHTUNGTRENNUNG(CN’N)(PP)] (5–8). The osmium com-


plex [OsCl ACHTUNGTRENNUNG(CN’N) ACHTUNGTRENNUNG(dppb)] (12) was pre-
pared by treatment of [OsCl2ACHTUNGTRENNUNG(PPh3)3]
with dppb and ligand a. Reaction of
the chloride 2 and 12 with NaOiPr in
2-propanol/toluene afforded the hy-
dride complexes [MH ACHTUNGTRENNUNG(CN’N) ACHTUNGTRENNUNG(dppb)]
(M=Ru 10, Os 14), through elimina-
tion of acetone from [M ACHTUNGTRENNUNG(OiPr)ACHTUNGTRENNUNG(CN’N)-
ACHTUNGTRENNUNG(dppb)] (M=Ru 9, Os 13). The species
9 and 13 easily reacted with 4,4’-di-
fluorobenzophenone, via 10 and 14, re-
spectively, affording the corresponding
isolable alkoxides [M(OR) ACHTUNGTRENNUNG(CN’N)-
ACHTUNGTRENNUNG(dppb)] (M=Ru 11, Os 15). The com-
plexes [MX ACHTUNGTRENNUNG(CN’N)(P2)] (1–15) (M=


Ru, Os; X=Cl, H, OR; P=PPh3 and
P2=diphosphane) are efficient cata-
lysts for the TH of carbonyl com-
pounds with 2-propanol in the presence


of NaOiPr (2 mol%). Turnover fre-
quency (TOF) values up to 1.8G106 h�1


have been achieved using 0.02–
0.001 mol% of catalyst. Much the same
activity has been observed for the Ru�
Cl, �H, �OR, and the Os�Cl deriva-
tives, whereas the Os�H and Os�OR
derivatives display significantly lower
activity on account of their high
oxygen sensitivity. The chiral Ru com-
plexes 5–8 catalyze the asymmetric TH
of methyl–aryl ketones with TOF
�105 h�1 at 60 8C, up to 97% enatio-
meric excess (ee) and remarkably high
productivity (0.005 mol% catalyst load-
ing). High catalytic activity (TOF up to
2.2G105 h�1) and enantioselectivity (up
to 98% ee) have also been achieved
with the in-situ-generated catalysts pre-
pared from [MCl2ACHTUNGTRENNUNG(PPh3)3], (S,R)-Josi-
phos or (S,R)-Josiphos*, and the ben-
zo[h]quinoline ligands a–c.


Keywords: asymmetric catalysis ·
hydrogen transfer · osmium · phos-
phane ligands · ruthenium
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Figure 1. Pyme-type ligands and their Ru and Os complexes
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been documented by the high activity of cyclometalated
phosphane and N-heterocyclic carbene ruthenium systems.[7]


Subsequently, we reported on the pincer CNN ruthenium
complexes [RuClACHTUNGTRENNUNG(CNN)(PP)], obtained from the ortho-met-
alation of the 1-[6-(4-methylphenyl)pyridin-2-yl]methan-
ACHTUNGTRENNUNGamine (HCNN) ligand, displaying sp2 and sp3 N donor
atoms (Figure 1).[8] To the best of our knowledge, these com-
plexes are the most active catalysts for the TH of ketones
and aldehydes reported to date (turnover frequencies
(TOF) up to 2.5G106 h�1), requiring a very low ruthenium
loading (0.005–0.001 mol%). The pincer terdentate CNN
ligand was designed to combine the Pyme motif with 2-phe-
nylpyridine which is known to give easily CN ortho-metalat-
ed ruthenium species.[9] More recently, we have shown that
Pyme and the terdentate CNN ligand give with osmium the
related compounds [OsCl2(PP) ACHTUNGTRENNUNG(Pyme)][10] and [OsCl-
ACHTUNGTRENNUNG(CNN)(PP)].[11] Notably, these osmium complexes rapidly
catalyze both the TH and HY of different ketones with ac-
tivities that appear to rival those of the analogous rutheni-
um systems. These results expand the relatively low number
of osmium catalytic systems capable to reduce carbonyl
compounds with dihydrogen or hydrogen donors with both
high activity and enantioselectivity.[12] The pincer complexes
[MCl ACHTUNGTRENNUNG(CNN)(PP)] (M=Ru, Os) appear very attractive for
practical applications, because the presence of a metal–
carbon bond gives these compounds with a high degree of
thermal stability, thus preventing their easy deactivation and
leading to highly productive catalysts. With the advances ac-
complished in the decade, TH has emerged as powerful and
versatile tool for the small and medium production of chiral
alcohols[2a] complementary to the pressure HY process.


On account of the excellent catalytic performances of the
Ru– and Os–diphosphane derivatives containing the terden-
tate CNN ligand, we decided to examine the coordination


chemistry and the catalytic po-
tential of a new class of CN’N
complexes based on the 2-ami-
nomethylbenzo[h]quinoline
framework (shown here).


Simple ortho-metalated CN’ benzo[h]quinoline complexes
of Ru and Os have extensively been described,[13] and some
of them have been found to be relevant for photochemical
and photophysical applications.[14] However, only one exam-
ple of a terdentate CN’N benzo[h]quinoline complex with
Ru has been reported, starting from the 2-(pyridin-2-yl)ben-
zo[h]quinoline ligand.[15] For the CN’N ligands a higher con-
formational rigidity is expected, compared to those based on
2-phenylpyridine, due to the presence of the planar ben-
zo[h]quinoline system. The great interest in the extension of
the family of the pincer CNN ligands arises from the re-
markable stability of their metal complexes, which allows
the formation of long-living catalytically active species that
can have great potential in organic synthesis. A chiral var-
iant of these CN’N ligands can be obtained by incorporating
a stereochemical center on the benzylic carbon atom of the
CHR�NH2 arm. In the recent years a number of studies on
the successful use of cyclometalated ruthenium complexes


containing either pincer NCN[16] and CNN[8] or bidentate
CN[17] ligands for TH catalysts have been described.


We report herein the synthesis of new 2-aminomethylben-
zo[h]quinoline type ligands (HCN’N) and the isolation of
the related complexes [MX ACHTUNGTRENNUNG(CN’N)(P2)] (M=Ru, Os, X=


Cl, H, OR; P=PPh3 or P2=diphosphane). The ruthenium
and osmium compounds are highly efficient catalysts for the
TH of ketones (TOF up to 1.8 G106 h�1) at 0.02–
0.001 mol% loading, in basic 2-propanol. Highly enantiose-
lective TH has been achieved by employment of Josiphos li-
gands. Evidence has been provided that the species [MX-
ACHTUNGTRENNUNG(CN’N)(P2)] (X=H and OR) are involved in the catalytic
TH. The results presented here expand the number hetero-
cyclic pincer ligands for highly active and productive metal
based homogeneous catalysts.


Results and Discussion


Synthesis of HCN’N benzo[h]quinoline ligands : The inter-
mediate benzo[h]quinoline-2-carbonitrile was prepared by
reaction of benzo[h]quinoline N-oxide[18] with trimethylsilyl-
cyanide and dimethylcarbamyl chloride, according to the
FifeQs procedure for the regioselective cyanation of pyridine
1-oxides (Scheme 1).[19]


Catalytic hydrogenation (10% Pd/C; 2 atm of H2) at
room temperature of a solution of benzo[h]quinoline-2-car-
bonitrile in acetic acid afforded the 2-aminomethylbenzo[h]-
quinoline ligand a isolated in 90% yield. The substituted li-
gands b and c, containing a methyl and a tert-butyl group,
respectively, bonded to the carbon atom connected to the
NH2 moiety, were synthesized following the route shown in
Scheme 2.


Treatment of 2-chlorobenzo[h]quinoline[18b] with bromotri-
methylsilane gave 2-bromobenzo[h]quinoline (96% yield),
according to the Schlosser method.[20] Addition of n-butyl-


Scheme 1. Synthesis of the ligand a.


Scheme 2. Synthesis of the ligands b and c.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9148 – 91609150


W. Baratta et al.



www.chemeurj.org





lithium at �78 8C and N,N-dimethylacetamide (R=Me) or
pivalonitrile (R= tBu) resulted in the formation of 1-(ben-
zo[h]quinolin-2-yl)ethanone and 1-(benzo[h]quinolin-2-yl)-
2,2-dimethylpropanone, respectively (77 and 80% yield). By
reaction with NH2OH·HCl in ethanol, these ketones were
converted into the corresponding oximes, which were re-
duced with Zn/ammonium acetate/NH4OH to the amine li-
gands b and c in 77 and 48% overall yield, based on the ke-
tones.


Synthesis and characterization of [RuX ACHTUNGTRENNUNG(CN’N)(P2)] (X=Cl,
H, and OR) complexes : Reaction of [RuCl2ACHTUNGTRENNUNG(PPh3)3] with
ligand a and the base NEt3 in 2-propanol at reflux tempera-
ture (2 h) affords, by substitution of PPh3 and HCl elimina-
tion, the thermally stable CN’N pincer complex 1 (74%
yield) [Eq. (1)].


The 31P{1H} NMR spectrum of 1 in CD2Cl2 shows two
doublets at d=56.5 and 50.5 ppm (2JACHTUNGTRENNUNG(P,P)=33.4 Hz), for a
cis-Ru(P2) arrangement. The 1H NMR doublet of doublets
at d=8.32 ppm (J ACHTUNGTRENNUNG(H,H)=6.3, 1.7 Hz) has been attributed to
the CH proton close to the ortho-metalated carbon atom
and no signals at lower field were observed, consistent with
the absence of the C�H proton in the 10-position of the
benzo[h]quinoline (d=9.37 ppm for a in CD2Cl2). The com-
plexes 2–4 containing the diphosphane Ph2PACHTUNGTRENNUNG(CH2)4PPh2


(dppb) have been prepared in 52–85% yield by treatment of
[RuCl2ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(dppb)] with the ligands a–c, respectively, in
the presence of NEt3 [Eq. (2)].


The 31P{1H} NMR spectrum of 2 exhibits two doublets at
d=57.3 and 43.7 ppm (2JACHTUNGTRENNUNG(P,P)=38.2 Hz), while the 1H NMR
signals of the two nonequivalent NCH2 protons are at d=


4.37 and 3.96 ppm and one NH2 proton is at d=3.60 ppm. In
the 13C{1H} NMR spectrum the NCH2 signal is downfield
shifted at d=52.2 ppm (Dd=5.9 ppm) and coupled with one
phosphorus atom (3JACHTUNGTRENNUNG(C,P)=2.8 Hz), whereas the ortho-


metalated carbon appears as a doublet of doublets at d=


177.0 ppm, with 2JACHTUNGTRENNUNG(C,P)=16.6 and 8.3 Hz. The complexes 3
and 4 show related NMR spectra with the 13C{1H} NMR sig-
nals for the NCH group at d=58.5 and 72.9 ppm, whereas
those of the ortho-metalated carbon atoms are at d=179.1
and 180.3 ppm, respectively. The molecular structure of 3
was confirmed by X-ray analysis carried out on a single crys-
tal and the selected bond lengths and angles are reported in
Table 1. The ruthenium center of 3 is in a pseudo-octahedral
environment with the ortho-metalated ligand b bound to the
metal in a terdentate fashion, forming two five-membered
chelate rings (Figure 2).


The structure of 3 shows the Me group bound to the
carbon atom that points to the side of the chloride, away
from the phosphane phenyl groups, similarly to the related
chiral pyridyl complex of the type [RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)],
bearing a tert-butyl group bonded to the CHNH2 moiety.[8b]


The Ru�N2 bond length of the benzo[h]quinoline trans to
the phosphorus atom is significantly shorter (2.055(2) V)
than the Ru�N1 amino bond length (2.244(2) V), in agree-
ment with the geometrical constrains of the terdentate
ligand showing narrow N2-Ru-C1 and N1-Ru-N2 bond


Table 1. Selected bond lengths [V] and angles [8] for 3·2CH2Cl2.


Ru�Cl1 2.5035(6) Ru�N1 2.244(2)
Ru�P1 2.2945(5) Ru�N2 2.055(2)
Ru�P2 2.2512(6) Ru�C1 2.072(2)
Cl1-Ru-P1 91.47(2) P1-Ru-C1 107.34(6)
Cl1-Ru-P2 172.39(2) P2-Ru-N1 103.41(6)
Cl1-Ru-N1 81.55(6) P2-Ru-N2 92.04(5)
Cl1-Ru-N2 83.70(5) P2-Ru-C1 86.12(6)
Cl1-Ru-C1 86.97(6) N1-Ru-N2 74.30(6)
P1-Ru-P2 93.62(2) N1-Ru-C1 153.42(7)
P1-Ru-N1 96.89(5) N2-Ru-C1 80.69(7)
P1-Ru-N2 170.46(5)


Figure 2. ORTEP style plot of compound 3 in the solid state. Thermal el-
lipsoids are drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.
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angles (80.69(7), 74.30(6)8) and the higher trans influence
exerted by the aryl ligand (Table 1).


The amino nitrogen N1 and the CHNH2 carbon are dis-
placed by �0.556(3) and +0.108(3) V, respectively, from the
best-fit plane through the terdentate ligand. This arrange-
ment leads one N�H bond to be almost parallel to the Ru�
Cl1 bond (H-N1-Ru-Cl1 dihedral angle of about 1.28, with a
H···Cl1 distance of 2.57 V), suggesting a possible intramolec-
ular hydrogen-bond interaction.[21] In addition, there is a rel-
atively short contact between the benzo[h]quinoline nitro-
gen atom and the ipso-carbon atom C38 of the phosphane
phenyl (3.058(3) V), indicating a stacking between the ben-
zo[h]quinoline and one phenyl ring.


The chiral terdentate CN’N derivatives 5–8 were prepared
by reaction of [RuCl2ACHTUNGTRENNUNG(PPh3)3] with the appropriate chiral di-
phosphane in toluene at 110 8C or dichloromethane at RT,
followed by addition of the ligand a and NEt3 in 2-propanol
heated under reflux [Eq. (3)].


With (R,S)-Josiphos the compound 5 was obtained as
single stereoisomer and was isolated in 61% yield. Employ-
ment of the bulkier diphosphane (S,R)-Josiphos*, which
contains 4-OMe-3,5-Me2C6H2 groups instead of Ph ones, led
to 6 (55% yield) as a mixture of two diastereoisomers in a
5:1 ratio, as inferred from 31P{1H} NMR spectroscopy.[22]


Prolonged heating of this mixture inhibited the isolation of
a single stereoisomer. Similarly to 6, the derivative 7 was
prepared using (S,S)-Skewphos and was isolated as mixture
of two isomers (4:1 ratio), whereas 8 containing (S)-MeO-
Biphep was obtained as a mixture of two stereoisomers in a
3:1 ratio.


To isolate hydride ruthenium complexes, which are key
species involved in the catalytic TH reactions, we have stud-
ied the reactivity of complex 2 with sodium isopropoxide in


2-propanol (alkoxide route). Treatment of 2 with NaOiPr
(1.1 equiv) in 2-propanol/toluene mixture (1:1 in volume) at
40 8C (1 h) affords a dark red solution with formation of the
intermediate alkoxide 9 (Scheme 3).


The 31P{1H} NMR spectrum of this solution shows two
doublets at d=54.0 and 47.6 ppm (2JACHTUNGTRENNUNG(P,P)=34.1 Hz; C6D6 as
inside lock), which are values close to those of the related
[Ru ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] in 2-propanol.[23] Evaporation of
the solvent leads to the hydride complex 10, through a re-
versible elimination of acetone in agreement with the previ-
ous studies on CNN ruthenium complexes. A better conver-
sion into the orange hydride 10, which was isolated in 83%
yield, has been achieved by stirring the alkoxide solution
under dihydrogen for 1 h and by further elimination of the
solvent. The 1H NMR signal for the hydride appears as a
doublet of doublets at d=�5.40 ppm with 2J ACHTUNGTRENNUNG(H,P)=90.0
and 26.2 Hz, similarly to those of [RuH ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] and
in agreement with the values reported for ruthenium hy-
dride complexes with phosphorus atoms trans and cis to the
hydride.[24] In the 31P{1H} NMR spectrum the two doublets
are at d=66.6 and 35.0 ppm with a small phosphorus–phos-
phorus coupling constant (2JACHTUNGTRENNUNG(P,P)=16.7 Hz). The low value
of the Ru�H stretching absorption band (1742 cm�1) is con-
sistent with the presence of a trans-phosphorus atom,[25] in
addition to a possible RuH···HN hydrogen-bonding interac-
tion. The intermediate CN’N isopropoxide 9, which equili-
brates with the hydride 10, promptly reacts with ketones af-
fording the corresponding alkoxides, by elimination of ace-
tone, as previously observed for the CNN analogue.[23] Thus,
the fluoro-substituted alkoxide 11 can easily be prepared by
reaction of the in-situ-prepared 9 with 4,4’-difluorobenzo-
phenone in a 2-propanol/toluene mixture at RT (75%
yield), through the hydride 10 (Scheme 3). The 31P{1H}
NMR of 11 in C6D6 exhibits two doublets at d=57.0 and
40.3 ppm with a 2J ACHTUNGTRENNUNG(P,P)=34.3 Hz close to that of 9. The alk-
oxide moiety OCH leads to a 1H NMR doublet at d=


4.46 ppm with a 4J ACHTUNGTRENNUNG(H,P)=3.3 Hz, whereas the 13C{1H} NMR
signal is at d=79.9 ppm, shifted downfield compared to the
free alcohol (d=74.5 ppm). The 19F{1H} NMR spectrum of
11 shows two singlets at d=�119.6 and �120.3 ppm for two
nonequivalent C6H4F groups and these signals disappear by
addition of 4,4’-difluorobenzhydrol, affording a broad peak
close to that of free alcohol at d=�116.2 ppm, indicating
that a rapid alkoxide alcohol exchange occurs on the NMR
chemical-shift time scale.[23] It is worth noting that 11 is ob-
tained without the isolation of the hydride and by exploiting


Scheme 3. Formation of Ru and Os hydride and alkoxide complexes.
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the higher redox potential of the diaryl ketone, relative to
acetone.[26]


Synthesis and characterization of [OsX ACHTUNGTRENNUNG(CN’N) ACHTUNGTRENNUNG(dppb)] (X=


Cl, H, and OR) complexes : The thermally stable pincer
CN’N osmium complex 12 has easily been prepared in quan-
titative yield by treatment of [OsCl2ACHTUNGTRENNUNG(PPh3)3] with dppb in di-
chloromethane at RT and by further reaction with the
ligand a in the presence of NEt3 in 2-propanol at reflux tem-
perature (3 h) [Eq. (4)].


The 31P{1H} NMR spectrum of 12 in CD2Cl2 shows a pat-
tern for an AB system with the two signals at d=0.9 and
0.8 ppm (2J ACHTUNGTRENNUNG(P,P)=13.7 Hz). The 13C{1H} NMR signal of
CH2N is at d=54.6 ppm, shifted downfield compared to 2,
whereas the ortho-metalated carbon atom appears as a
pseudo triplet at d=157.2 ppm (2J ACHTUNGTRENNUNG(C,P)=6.5 Hz), signifi-
cantly upfield shifted with respect to 2.


The osmium complex 12 reacts with sodium isopropoxide
(1.2 equiv) in 2-propanol/toluene (1:1 in volume) at 35 8C
(3 h) affording a dark red solution containing the alkoxide
13 and the hydride 14 in 5:1 molar ratio, respectively
(Scheme 3). The 31P{1H} NMR data of 13 (d=6.0 and
�0.5 ppm with 2J ACHTUNGTRENNUNG(P,P)=9.8 Hz) resemble those of the analo-
gous complex [OsACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] in 2-propanol.[11] For
osmium, the equilibrium between the isopropoxide 13 and
the hydride 14 is shifted more to the hydride, with respect
to the corresponding ruthenium complexes 9 versus 10, and
this is consistent with a stronger M�H versus M�OR bond-
ing for Os compared to Ru. The oxygen-sensitive hydride–
osmium complex 14 was easily obtained in 74% yield by
evaporation of the alcohol media and elimination of ace-
tone.[27] The Os�H 1H NMR signal of 14 is at d=�5.14 ppm
(dd, 2J ACHTUNGTRENNUNG(H,P)=73.9, 23.9 Hz) close to that of the ruthenium
10, whereas the 31P{1H} NMR spectrum exhibits two dou-
blets at d=19.9 and 5.4 ppm with a small 2J ACHTUNGTRENNUNG(P,P)=3.7 Hz.
The mixture 13/14, obtained from 12 and NaOiPr, rapidly
and quantitatively reacts with 4,4’-difluorobenzophenone, af-
fording the osmium alkoxide 15, which was isolated in 72%
yield (Scheme 3). This complex gives two 31P NMR doublets
at d=1.8 and �0.8 ppm with a 2J ACHTUNGTRENNUNG(P,P)=8.2 Hz, whereas the
1H and 13C{1H} NMR signals for the OsOCH moiety are at
d=4.61 and 79.7 ppm, respectively, close to those of 11. The
19F{1H} NMR spectrum of 15 shows two singlets at d=


�119.4 and �120.1 ppm and similarly to the behavior ob-
served for 11, addition of 4,4’-difluorobenzhydrol results in
a fast exchange between the coordinated alkoxide and alco-
hol on the NMR timescale.


Catalytic results : The ruthenium and osmium chloride, hy-
dride, and alkoxide complexes [MX ACHTUNGTRENNUNG(CN’N)(P2)] (1–15) are
efficient catalysts for the TH of carbonyl compounds with 2-
propanol in the presence of NaOiPr (2 mol%; Scheme 4).
Complex 1 (0.02 mol%) containing PPh3 catalyzes the re-
duction of acetophenone (d) in 15 min with turnover frquen-
cy (TOF) of 7.0G104 h�1 (Table 2).


Interestingly, the complex 2 bearing the diphosphane
dppb promotes the quantitative conversion of d into 1-phe-
nylethanol in 2 min, with a lower amount of catalyst
(0.005 mol%) and affording a TOF value of 1.2G106 h�1.
This rate is slightly higher than that observed for the reduc-
tion of d with the analogous CNN pyridine derivative [Ru-
ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (1.1G106 h�1).[8a] With complex 2, 2’-chloro-
acetophenone (f) and 3’-methoxyacetophenone (h) are quick-
ly reduced to alcohols in 2 min with remarkably high rate
(TOF=1.8G106 h�1). Chemoselective carbonyl TH of the


Scheme 4. TH of carbonyl compounds catalyzed by [MX(CN’N)P2] (M=


Ru, Os; X=Cl, H, OR) complexes (0.02–0.001 mol%).


Table 2. Catalytic TH of carbonyl compounds (0.1m) to the correspond-
ing alcohols with [MX(CN’N)P2] (M=Ru, Os; X=Cl, H, OR) and
NaOiPr (2 mol%) in 2-propanol at 82 8C.


Complex Loading
[mol%]


Substrate Conv.
[%][a]


t
[min]


TOF
[h�1][b]


1 0.02 d 94 15 7.0G104


2 0.005 d 97 2 1.2G106


2[c] 0.005 d 97 10 2.7G105


2 0.005 f 99 2 1.8G106


2 0.005 h 97 2 1.8G106


2 0.005 i 99 5 1.1G106


2 0.005 j 97 2 1.2G106


2[d] 0.01 k >99 5 2.0G105


3 0.005 d 98 5 8.3G105


4 0.005 d 98 5 1.1G106


10 0.005 d 97 2 1.3G106


11 0.005 d 98 2 1.4G106


12 0.005 d 96 5 1.3G106


12 0.001 d 94 30 4.3G105


12 0.005 g 99 2 1.8G106


12 0.005 i 97 10 3.0G105


12 0.005 j 98 5 7.0G105


14 0.005 d 97 5 6.1G105


15 0.005 d 99 5 8.1G105


[a] The conversion was determined by GC analysis. [b] Turnover frequen-
cy (moles of ketone converted to alcohol per mole of catalyst per hour)
at 50% conversion. [c] Reaction at 60 8C. [d] K2CO3 5 mol%.
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aliphatic substrate 5-hexen-2-one (i) has been achieved in
5 min (TOF=1.1G106 h�1), whereas cyclohexanone (j) was
reduced with TOF=1.2G106 h�1. Complex 2 (0.01 mol%)
also rapidly catalyzes the complete reduction of the alde-
hyde k with K2CO3 (5 mol%) as a weak base (TOF=2.0G
105 h�1) and no aldol condensation or catalyst deactivation
(i.e. through decarbonylation) reactions have been observ-
ed.[8c] High catalytic activity is also observed for the deriva-
tives 3 and 4 containing the CHR�NH2 (R=Me and tBu)
arm instead of CH2�NH2. Recently, Milstein and co-workers
reported a pincer PNN ruthenium complex which catalyzes
alcohol dehydrogenation.[28] Interestingly, the CH2 bonded
to the 2-position of the pyridine ligand undergoes easy C-H
cleavage with reversible dearomatization–aromatization of
the pyridine core. It is worth pointing out that also the hy-
dride 10 and the alkoxide 11 in the presence of base effi-
ciently catalyze the fast TH of d with TOF=1.3G106 and
1.4G106 h�1, which are slightly higher values compared to
the chloride precursor 2. This suggests that under catalytic
conditions the isolable Ru�Cl, �H, and �OR complexes (2,
10, and 11) quickly lead to the catalytically active 9/10
system, through fast ligand substitution and ketone insertion
into Ru�H bond reactions.[23] As regards osmium, it is inter-
estingly to note that the complex 12 catalyzes the TH of d
with a rate (TOF=1.3G106 h�1) slightly higher than that of
the analogous ruthenium complex 2, in agreement with our
recent studies on pincer CNN pyridine complexes.[11] In ad-
dition, 12 displays also high productivity in the TH, afford-
ing the conversion of d into 1-phenylethanol in 30 min at
0.001 mol% of catalyst (Table 2). A serious drawback of the
commonly used TH catalysts is their easy deactivation that
requires a catalyst loading higher than 0.01 mol%, thus lim-
iting the TH protocol for industrial applications. As for the
ruthenium systems, 12 catalyzes the rapid and chemoselec-
tive TH of aryl and alkyl ketones, namely g, i, and j with
TOF up to 1.8G106 h�1. It is worth noting that the hydride
14 and the alkoxide 15 afforded the reduction of d with a
rate (TOF=6.1G105 and 8.1G105 h�1) lower than that of the
chloride 12. By contrast to
ruthenium, high catalytic per-
formance with osmium is ach-
ieved by in-situ-formation of
the Os�H and Os�OR species,
on account of their higher
oxygen sensitivity respect to the
Ru analogues.


Asymmetric TH of methyl
aryl ketones has been achieved
using CN’N ruthenium com-
plexes containing chiral diphos-
phanes. Since 2 has been
proven to be highly active for
the reduction of d also at 60 8C
(TOF=2.7G105 h�1, Table 2),
the chiral Ru complexes were
tested at this temperature in
order to achieve higher enan-


tiomeric excess (ee). The derivatives 5–8 (0.005 mol%) af-
forded complete reduction of d in 30–40 min with TOF up
to 1.9G105 h�1 at 60 8C (Table 3).


By employment of 5 containing (R,S)-Josiphos, (R)-1-phe-
nylethanol was obtained with 86% ee, whereas use of 6,
with the bulkier (S,R)-Josiphos*, led to an increase of the
enantioselectivity (96% ee of (S)-alcohol). The complexes 7
and 8 with (S,S)-Skewphos and (S)-MeO-Biphep, repsective-
ly afforded (S)- and (R)-1-phenylethanol, respectively, with
moderate and poor enantioselectivity (73 and 26% ee, re-
spectively). With 5, the ketone f was reduced to the (R)-al-
cohol with 89% ee, whereas with 6 the substrates 2’-methyl-
acetophenone e and f were converted into the correspond-
ing (S)-alcohols with TOF up to 1.2G105 h�1 and high enan-
tioselectivity (94 and 97% ee). Recently, we have reported
that efficient ruthenium catalysts for asymmetric TH can be
prepared by a combination of a chiral Josiphos with a race-
mic mixture of RPyme through a diastereoselective reaction,
thus avoiding the necessity of using both ligands in enantio-
pure form.[5b] According to this strategy, the in-situ-generat-
ed catalyst, obtained by refluxing a 2-propanol solution of
[RuCl2ACHTUNGTRENNUNG(PPh3)3] with (S,R)-Josiphos* (1 h) and a racemic
mixture of the Me-substituted ligand b (1 h), promotes the
reduction of d to (S)-1-phenylethanol with high rate (TOF=


1.7G105 h�1) and 90% ee at 0.005 mol% of catalyst loading
(Table 3). By using the tBu ligand c the (S)-alcohol is
formed with 93% ee, whereas the substrates f and g were
converted to (S)-alcohols with 98 and 97% ee, respectively
(TOF up to 1.1G105 h�1). We want to point out that the in-
situ-generated species display much the same rate as the iso-
lated complexes [RuCl ACHTUNGTRENNUNG(CN’N)(P2)] and high enantioselectiv-
ity can be achieved through the combination of alkyl-substi-
tuted benzo[h]quinolines with bulky Josiphos ligands. As re-
gards osmium, the species prepared in-situ from [OsCl2-
ACHTUNGTRENNUNG(PPh3)3], (S,R)-Josiphos, and ligand a, afforded the reduc-
tion of d to (S)-alcohol with 80% ee and higher rate (TOF=


2.1G105 h�1 at 60 8C), compared to ruthenium. Furthermore,
the use of the bulky (S,R)-Josiphos* resulted in an increase


Table 3. Enantioselective catalytic TH of ketones (0.1m) with 5–8 and the system [MCl2(PPh3)3]/PP/HCN’N
(M=Ru, Os), in the presence of NaOiPr (2 mol%) at 60 8C using 0.005 mol% of catalyst.


Complex PP HCN’N Ketone Conv.
[%][a]


t
[min]


TOF
[h�1][b]


ee
[%][a]


5 d 97 30 1.3G105 86 R
5 f 97 60 6.4G104 89 R
6 d 98 40 1.0G105 96 S
6 e 96 60 6.0G104 94 S
6 f 98 40 1.2G105 97 S
7 d 95 30 1.1G105 73 S
8 d 97 30 1.9G105 26 R
[RuCl2(PPh3)3]


[c] (S,R)-Josiphos* b d 98 30 1.7G105 90 S
[RuCl2(PPh3)3]


[d] (S,R)-Josiphos* c d 98 30 1.2G105 93 S
[RuCl2(PPh3)3]


[d] (S,R)-Josiphos* c f 99 30 1.1G105 98 S
[RuCl2(PPh3)3]


[d] (S,R)-Josiphos* c g 95 30 1.0G105 97 S
[OsCl2(PPh3)3]


[e] (S,R)-Josiphos a d 96 10 2.1G105 80 S
[OsCl2(PPh3)3]


[e] (S,R)-Josiphos* a d 96 10 2.2G105 90 S


[a] The conversion and ee were determined by GC analysis. [b] Turnover frequency (moles of ketone convert-
ed to alcohol per mole of catalyst per hour) at 50% conversion. [c] [Ru]/PP/b=1:1.5:3. [d] [Ru]/PP/c=1:1.5:3.
[e] [Os]/PP/a=1:1.5:2.
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of the enantioselectivity (90% ee of (S)-alcohol). On ac-
count of the robustness of the CN’N/diphosphane frame-
work, these chiral ruthenium and osmium systems display
remarkable high rate (TOF �105 h�1 at 60 8C) at low loading
(0.005 mol%), thus representing a significant progress in the
designing of more efficient catalysts for the asymmetric TH
of ketones. Moreover, the benzo[h]quinoline complexes 2
and 12 have been proven to be catalytically active also in
the hydrogenation of ketones at low H2 pressure in alcohol
media and these results will be published in the due course.


The TH of ketones catalyzed by transition-metal com-
plexes is generally conceived to occur via metal-hydride spe-
cies that deliver the hydride ligand to the substrate, afford-
ing a metal–alkoxide complex (inner sphere mechanism) or
a metal–amide species when a NH2 functionality is present
(outer-sphere mechanism). Recently, we have suggested that
with terdentate CNN ruthenium complexes, the Ru–alkox-
ides are key species of the catalytic TH and the role of the
NH2 linkage is to favor a hydrogen-bonding network involv-
ing the alkoxide and the alcohol.[23,29] According to the pres-
ent studies, which show that in basic alcohol the Ru and Os
chloride precursors 2 and 12 give M�OR (M=Ru, Os) in
equilibrium with the M�H complexes, we believe that these
species containing the NH2 functionality are involved in
TH.[30] Thus, [MH ACHTUNGTRENNUNG(CN’N)(P2)] is a key species that provides
the alkoxide [M(OR)ACHTUNGTRENNUNG(CN’N)(P2)] by reaction with the in-
coming ketone. Protonation with 2-propanol gives the alco-
hol product and [M ACHTUNGTRENNUNG(OiPr)ACHTUNGTRENNUNG(CN’N)(P2)] which equilibrates
with [MH ACHTUNGTRENNUNG(CN’N)(P2)], closing the cycle. The high catalytic
activity of these pincer complexes can be ascribed to the
M�NH2 linkage, which is involved in hydrogen-bonding in-
teractions with the ketone and alcohol, and to the flat ben-
zo[h]quinoline system that appears crucial for the easy
access of the substrate to the metal center. In addition, high
productivity is achieved by the combination of the diphos-
phane with the robust pincer CN’N frame.


Conclusion


In summary, we have reported on the preparation of novel
2-aminomethylbenzo[h]quinoline type ligands (HCN’N) that
easily react with ruthenium and osmium precursors, afford-
ing the terdentate complexes [MCl ACHTUNGTRENNUNG(CN’N)(P2)] (M=Ru,
Os). These species are found to promote the transfer hydro-
genation (TH) of carbonyl compounds in basic 2-propanol
with high rate (TOF up to 1.8G106 h�1) and low loading (as
little as 0.001 mol%), which are among the best performan-
ces for a TH catalyst reported to date. Interestingly, with
this novel class of ligands the ruthenium and osmium com-
plexes display similar high activity and productivity. The de-
rivatives containing chiral diphosphanes (e.g., Josiphos)
have proven to catalyze the TH of ketones with both high
enantioselectivity (up to 98% ee) and productivity
(0.005 mol% loading). This last point is particularly relevant
for promoting asymmetric TH as a valuable method for the
synthesis of alcohols, in alternative to dihydrogen under


pressure. Experiments carried out with the chloride com-
plexes in basic alcohol showed the formation of the hydride
derivatives [MH ACHTUNGTRENNUNG(CN’N) ACHTUNGTRENNUNG(dppb)] which reversibly react with
ketones leading to the alkoxide species [M(OR) ACHTUNGTRENNUNG(CN’N)-
ACHTUNGTRENNUNG(dppb)]. These studies suggest that the catalytic TH mediat-
ed by Ru and Os complexes with CN’N benzo[h]quinoline
involves the formation of M�H and M�OR species contain-
ing the NH2 functionality. Work is in progress to extend the
application of these complexes in other catalytic reactions,
including asymmetric hydrogenation of prochiral ketones,
and to develop new homogeneous catalysts based on ben-
zo[h]quinoline ligands.


Experimental Section


General : All reactions were carried out under an argon atmosphere
using standard Schlenk techniques. The solvents and the ketones were
carefully dried by standard methods and distilled under argon before use.
The diphosphane ligands and all other chemicals were purchased from
Aldrich and Strem and used without further purification. Benzo[h]quino-
line N-oxide,[18a] 2-chlorobenzo[h]quinoline,[18b] the complexes [MCl2-
ACHTUNGTRENNUNG(PPh3)3] (M=Ru,[31] Os[32]) and [RuCl2 ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(dppb)]


[33] were prepared
according to literature procedure. NMR measurements were recorded on
a Bruker AC 200 spectrometer and the chemical shifts, in ppm, are rela-
tive to TMS for 1H and 13C{1H}, whereas CFCl3 was used for 19F{1H} and
85% H3PO4 for 31P{1H}. Elemental analyses (C, H, N) were carried out
with a Carlo Erba 1106 elemental analyzer, whereas the GC analyses
were performed with a Varian GP-3380 gas chromatograph equipped
with a MEGADEX-ETTBDMS-b chiral column.


Benzo[h]quinoline-2-carbonitrile : Dimethylcarbamyl chloride (1.44 g,
13.5 mmol) was added dropwise to a solution of benzo[h]quinoline N-
oxide (2.63 g, 13.5 mmol) and trimethylsilylcyanide (1.59 g, 14.8 mmol) in
CH2Cl2 (100 mL). The solution was stirred at room temperature for 3 d
and then heated under reflux for 18 h. A 10% Na2CO3 aqueous solution
was added and stirring continued for 15 min. The organic phase was sepa-
rated and the aqueous layer was extracted with CH2Cl2. The combined
organic phase was dried over anhydrous Na2SO4 and the solvent was
evaporated. The residue was taken up with diethyl ether and the formed
solid was filtered to give benzo[h]quinoline-2-carbonitrile. Yield: 2.07 g
(75%); m.p. 161–162 8C; 1H NMR (200.1 MHz, CDCl3, 20 8C): d=9.27
(m, 1H), 8.27 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 7.94 (m, 2H), 7.87–7.74 (m, 3H),
7.70 ppm (d, J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H); 13C{1H} NMR (50.3 MHz, CDCl3,
20 8C): d =147.0, 136.5, 133.7, 131.6, 131.0, 130.5, 129.4, 128.0, 127.9,
127.7, 124.7, 124.6, 124.3, 118.0 ppm (CN); elemental analysis calcd (%)
for C14H8N2: C 82.33, H 3.95, N 13.72; found: C 82.14, H 3.98, N 13.75.


2-Aminomethylbenzo[h]quinoline (a): A solution of benzo[h]quinoline-
2-carbonitrile (2.04 g, 10.0 mmol) in acetic acid (120 mL) was hydrogen-
ated in a Parr apparatus at 2 atm of dihydrogen at room temperature in
the presence of 10% palladium on carbon (0.40 g). The dihydrogen ab-
sorption ceased after the uptake of two equivalents of H2 (about 4 h).
The reaction mixture was then filtered and the organic solution was
evaporated under reduced pressure. The oil residue was taken up in di-
ethyl ether and the resulting solution was washed up to alkaline pH with
a 10% aqueous solution of NaOH. The organic phase was dried over
Na2SO4, the solvent was evaporated, and the residue was purified by
flash chromatography (MeOH) to give a as a reddish low melting point
solid. Yield: 1.87 g (90%); 1H NMR (200.1 MHz, CDCl3, 20 8C): d =9.58
(d, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H; aromatic proton), 8.11–7.71 (m, 7H; aromatic
protons), 4.37 (s, 2H; CH2), 2.90 ppm (s, 2H; NH2);


13C{1H} NMR
(50.3 MHz, CDCl3, 20 8C): d=158.5 (s; NCCH2), 143.9 (s; NCC), 134.4–
118.2 (m; aromatic carbon atoms), 46.3 ppm (s; CH2); elemental analysis
calcd (%) for C14H12N2: C 80.74, H 5.81, N 13.45; found: C 80.55, H 5.91,
N 13.66.
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2-Bromobenzo[h]quinoline : A mixture of 2-chlorobenzo[h]quinoline
(2.43 g, 11.4 mmol), bromotrimethylsilane (3.00 mL, 22.8 mmol) and pro-
pionitrile (12 mL) was heated under reflux for 110 h. The reaction mix-
ture was then poured into a 10% NaOH aqueous solution containing ice.
The organic phase was separated and the aqueous layer was extracted
with diethyl ether (3G15 mL). The combined organic phase was dried
over anhydrous Na2SO4 and the solvent was evaporated. The residue was
purified by chromatography (petroleum ether/ethyl acetate=9:1) to give
2-bromobenzo[h]quinoline as a yellow solid. Yield: 2.82 g (96%); m.p.
113–114 8C; 1H NMR (200.1 MHz, CDCl3, 20 8C): d=9.35–9.15 (m, 1H),
7.96 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 7.92–7.84 (m, 1H), 7.81 (d, J ACHTUNGTRENNUNG(H,H)=


8.4 Hz, 1H), 7.74–7.67 (m, 2H), 7.61 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 4J-
ACHTUNGTRENNUNG(H,H)=1.5 Hz, 2H); 13C{1H} NMR (50.3 MHz, CDCl3, 20 8C): d =147.1,
140.7, 138.0, 133.7, 130.4, 128.7, 128.2, 127.7, 127.3, 126.1, 125.1, 124.7,
124.5 ppm; elemental analysis calcd (%) for C13H8BrN: C 60.49, H 3.12,
N 5.43; found: C 60.33, H 3.25, N 5.38.


1-(Benzo[h]quinolin-2-yl)ethanone : A solution of 2-bromobenzo[h]qui-
noline (1.52 g, 5.89 mmol) in THF (36 mL) was cooled at �78 8C. After
10 min a 2.5m solution of n-butyllithium in n-hexane (6.19 mmol,
2.47 mL) was added dropwise. The resulting deep red solution was stirred
at this temperature for 1 h and then N,N-dimethylacetamide (6.48 mmol,
0.60 mL) was added dropwise. The solution was further stirred for 1 h at
�78 8C and then allowed to warm slowly at room temperature. A 1m so-
lution of HCl was added (7.4 mL), the organic phase was separated and
the aqueous phase was extracted with diethyl ether (2G15 mL). The com-
bined organic phase was dried over Na2SO4, the solvent was evaporated,
and the residue was purified by flash chromatography (petroleum ether/
ethyl acetate=95:5) to give 1-(benzo[h]quinolin-2-yl)ethanone as a
yellow solid. Yield: 1.00 g (77%); m.p. 113–115 8C; 1H NMR (200.1 MHz,
CDCl3, 20 8C): d=9.08 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4J ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H), 8.02
(d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 7.92 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 7.80–7.70 (m,
1H), 7.69–7.55 (m, 3H), 7.39 (d, J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H), 2.83 ppm (s, 3H;
CH3);


13C{1H} NMR (50.3 MHz, CDCl3, 20 8C): d =200.2 (CO), 151.0,
144.8, 135.9, 133.3, 131.1, 129.5, 128.2, 127.8, 127.6, 127.1, 124.5, 124.1,
118.3, 25.4 ppm (CH3); elemental analysis calcd (%) for C15H11NO: C
81.43, H 5.01, N 6.33; found: C 81.16, H 4.92, N 6.40.


ACHTUNGTRENNUNG(Benzo[h]quinolin-2-yl)methyl ketoxime : A solution of 1-(benzo[h]qui-
nolin-2-yl)ethanone (2.62 g, 11.85 mmol) and hydroxylamine hydrochlo-
ride (1.52 g, 21.88 mmol) in 96% ethanol (100 mL) was stirred for 30 h at
room temperature. The reaction was monitored by TLC (petroleum
ether/ethyl acetate=9:1). The solvent was removed under reduced pres-
sure and the residue was taken up with CH2Cl2 and a saturated solution
of NaHCO3. The resulting mixture was vigorously stirred for 30 min, the
organic phase was separated, and the aqueous phase extracted with
CH2Cl2 (2G20 mL). The combined organic phase was dried over Na2SO4


and the solvent was evaporated to give (benzo[h]quinolin-2-yl)methyl ke-
toxime as a yellow solid that was used in the next step without further
purification. Yield: 2.7 g (96%); m.p. 200–202 8C; elemental analysis
calcd (%) for C15H12N2O: C 76.25, H 5.12, N 11.86; found: C 76.44, H
5.15, N 11.89.


1-(Benzo[h]quinolin-2-yl)ethanamine (b): A solution of (benzo[h]quino-
lin-2-yl)methyl ketoxime (2.6 g, 11.0 mmol) and ammonium acetate
(1.05 g, 13.6 mmol) in 30% NH3/H2O/96% EtOH (39.5:26.3:26.3 mL)
was stirred for 30 min at room temperature. Zinc powder (3.95 g,
60.4 mmol) was added portionwise over a period of 2 h at room tempera-
ture and then the reaction mixture was heated under reflux for 3 h. The
grey precipitate was filtered under reduced pressure and the solvent was
evaporated to give a residue that was alkalized with 10% NaOH, and ex-
tracted with diethyl ether (3G30 mL). The combined organic phase was
dried over Na2SO4, the solvent was evaporated, and the residue was puri-
fied by flash chromatography by using MeOH as the eluant to give b as
an orange liquid. Yield: 1.88 g (77%); 1H NMR (200.1 MHz, CDCl3,
20 8C): d=9.36 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 8.08 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H),
7.88 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 7.80–7.59 (m, 4H), 7.47 (d, J ACHTUNGTRENNUNG(H,H)=


8.1 Hz, 1H), 4.37 (q, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1H; CHCH3), 2.26 (s, 2H; NH2),
1.56 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; CH3);


13C{1H} NMR (50.3 MHz,
CDCl3, 20 8C): d =164.2, 145.5, 136.3, 133.6, 131.3, 127.9, 127.7 127.0,
126.7, 125.1, 124.9, 124.3, 119.0, 52.8 (CCH3), 24.8 ppm (CH3); elemental


analysis calcd (%) for C15H14N2: C 81.05, H 6.35, N 12.60; found: C
81.24, H 6.38, N 12.58.


1-(Benzo[h]quinolin-2-yl)-2,2-dimethylpropanone : A solution of 2-bro-
mobenzo[h]quinoline (1.52 g, 5.89 mmol) in THF (36 mL) was cooled at
�78 8C. After 10 min a 2.5m solution of n-butyllithium in n-hexane
(2.47 mL, 6.19 mmol) was added dropwise. The resulting deep red solu-
tion was stirred at this temperature for 1 h and then pivalonitrile
(0.78 mL, 7.07 mmol) in THF (5 mL) was added dropwise. The obtained
purple solution was further stirred for 1 h at �78 8C and then was allowed
to warm slowly at room temperature. A 1m solution of H2SO4 was added
(25 mL) and the mixture was heated under reflux for 3 h. After cooling
to room temperature the organic phase was separated and the aqueous
phase extracted with diethyl ether (3G15 mL). The combined organic
phase was washed with a diluted NaOH solution and dried over Na2SO4.
The solvent was evaporated and the residue was purified by flash chro-
matography (petroleum ether/ethyl acetate=9:1) to give 1-(benzo[h]qui-
nolin-2-yl)-2,2-dimethylpropanone as a yellow solid. Yield: 1.24 g (80%);
m.p. 88–90 8C; 1H NMR (200.1 MHz, CDCl3, 20 8C): d=9.20 (d, J ACHTUNGTRENNUNG(H,H)=


7.8 Hz, 1H), 8.13 (s, 2H), 7.84 (d, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 7.80–7.73 (m,
2H), 7.73–7.62 (m, 1H), 7.56 (d, J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H), 1.67 ppm (s, 9H;
CH3);


13C{1H} NMR (50.3 MHz, CDCl3, 20 8C): d =206.7 (CO), 152.1,
144.5, 136.3, 133.7, 131.8, 129.5, 128.4, 127.9, 127.5, 124.9, 124.5, 121.2,
44.3 (CMe3), 28.0 ppm (CH3); elemental analysis calcd (%) for
C18H17NO: C 82.10, H 6.51, N 5.32; found: C 82.26, H 6.67, N 5.17.


ACHTUNGTRENNUNG(Benzo[h]quinolin-2-yl)-tert-butyl ketoxime : A mixture of 1-(benzo[h]-
quinolin-2-yl)-2,2-dimethylpropanone (1.30 g, 4.94 mmol) and hydroxyl-
ACHTUNGTRENNUNGamine hydrochloride (0.63 g, 9.13 mmol) in 96% ethanol (45 mL) was
stirred at room temperature for 36 h (a white precipitate was formed
after 30 min). The reaction was monitored by TLC (petroleum ether/
ethyl acetate=9:1). The solvent was removed under reduced pressure
and the residue was taken up with CH2Cl2 and with a saturated solution
of NaHCO3. The resulting mixture was vigorously stirred for 30 min, the
organic phase was separated and the aqueous phase extracted with
CH2Cl2 (2G20 mL). The combined organic phase was dried over Na2SO4


and the solvent was evaporated to give (benzo[h]quinolin-2-yl)-tert-butyl
ketoxime as a slightly brown powder (quite insoluble in almost common
solvents) that was used in the next step without further purification.
Yield: 0.69 g (50%); m.p. 234–236 8C; elemental analysis calcd (%) for
C18H18N2O: C 77.67, H 6.52, N 10.06, found: C 77.55, H 6.55, N 10.02.


1-(Benzo[h]quinolin-2-yl)-2,2-dimethylpropanamine (c): A solution of
(benzo[h]quinolin-2-yl)-tert-butyl ketoxime (1.3 g, 4.68 mmol) and ammo-
nium acetate (0.447 g, 5.80 mmol) in 30% NH3/H2O/96% EtOH
(16.8:11.2:11.2 mL) was stirred for 30 min at room temperature. Zinc
powder (1.68 g, 25.7 mmol) was added portionwise over a period of 2 h at
room temperature and then the reaction mixture was heated under reflux
for 4 h. After cooling, the mixture was acidified up to pH 1 by adding of
36% HCl. The resulting clean solution was concentrated under reduced
pressure. The amine was liberated with a 50% aqueous solution of KOH
and extracted with diethyl ether (4G25 mL). The combined organic
phase was dried over Na2SO4, the solvent was evaporated, and the resi-
due was purified by flash chromatography with MeOH as the eluant to
give c as an orange liquid. Yield: 0.59 g (48%); 1H NMR (200.1 MHz,
CDCl3, 20 8C): d=9.31 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 7.98 (d, J ACHTUNGTRENNUNG(H,H)=


8.1 Hz, 1H), 7.84 (d, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H), 7.76–7.55 (m, 4H), 7.34 (d, J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 3.88 (s, 1H; CHN), 2.65 (s, 2H; NH2), 0.99 ppm (s,
9H; CH3);


13C{1H} NMR (50.3 MHz, CDCl3, 20 8C): d=161.1, 145.1,
134.8, 133.4, 131.4, 127.8, 127.5, 126.8, 126.6, 125.0, 124.8, 124.3, 122.2,
65.8 (CHN), 35.5 (CMe3), 26.5 ppm (CH3); elemental analysis calcd (%)
for C18H20N2: C 81.78, H 7.63, N 10.60, found: C 81.66, H 7.67, N 10.63.


Synthesis of 1: The ligand a (36 mg, 0.173 mmol) and NEt3 (0.22 mL,
0.158 mmol) were added to [RuCl2ACHTUNGTRENNUNG(PPh3)3] (0.150 g, 0.156 mmol) in 2-
propanol (2 mL) and the mixture was heated under reflux for 2 h. The re-
sulting solution was concentrated (1 mL) and addition of pentane (2 mL)
afforded an orange precipitate. The product was filtered, washed with
pentane (3G5 mL), and dried under reduced pressure. Yield: 100 mg
(74%); 1H NMR (200.1 MHz, CD2Cl2, 20 8C): d =8.32 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.3,
4J ACHTUNGTRENNUNG(H,H)=1.7 Hz, 1H; CHCRu), 7.77–6.66 (m, 36H; aromatic protons),
4.30 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.1, 3J ACHTUNGTRENNUNG(H,H)=3.8 Hz, 1H; CH2N), 3.83–3.55 (m, 2H;


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9148 – 91609156


W. Baratta et al.



www.chemeurj.org





CH2N, NH2), 1.96 ppm (s, 1H; NH2);
31P{1H} NMR (81.0 MHz, CD2Cl2,


20 8C): d=56.5 (d, 2J ACHTUNGTRENNUNG(P,P)=33.4 Hz), 50.5 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=33.4 Hz); ele-
mental analysis calcd (%) for C50H41ClN2P2Ru: C 69.16, H 4.76, N 3.23;
found: C 69.35, H 4.85, N 3.34.


Synthesis of 2 : The ligand a (232 mg, 1.11 mmol) and NEt3 (1.55 mL,
11.1 mmol) were added to [RuCl2ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(dppb)] (800 mg, 0.929 mmol) in
2-propanol (15 mL). The mixture was heated under reflux for 2 h, obtain-
ing an orange precipitate which was filtered, washed with methanol (3G
10 mL), and dried under reduced pressure. Yield: 608 mg (85%);
1H NMR (200.1 MHz, CD2Cl2, 20 8C): d =8.19 (pseudot, J ACHTUNGTRENNUNG(H,H)=7.6 Hz,
2H; aromatic protons), 7.99 (d, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; aromatic proton),
7.82 (pseudot, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; aromatic protons), 7.64 (d, J ACHTUNGTRENNUNG(H,H)=


8.5 Hz, 2H; aromatic protons), 7.52–7.20 (m, 14H; aromatic protons),
6.98 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; aromatic proton), 6.45 (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz,
1H; aromatic proton), 6.16 (pseudot, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H; aromatic pro-
tons), 5.47 (t, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; aromatic protons), 4.37 (dd, 2J-
ACHTUNGTRENNUNG(H,H)=16.3, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H; NCH2), 3.96 (ddd, J ACHTUNGTRENNUNG(H,H)=16.4,
11.0, 5.0 Hz, 1H; NCH2), 3.60 (m, 1H; NH2), 3.01 (m, 2H; CH2), 2.35–
1.00 ppm (m, 7H; CH2 and NH2);


13C{1H} NMR (50.3 MHz, CDCl3,
20 8C): d=177.0 (dd; 2J ACHTUNGTRENNUNG(C,P)=16.6, 8.3 Hz; CRu), 154.3 (s; NCC), 152.3
(d, 3J ACHTUNGTRENNUNG(C,P)=1.0 Hz; NCCH2), 146.2–115.5 (m; aromatic carbon atoms),
52.2 (d, 3J ACHTUNGTRENNUNG(C,P)=2.8 Hz; NCH2), 33.1 (dd, 1J ACHTUNGTRENNUNG(C,P)=24.8 Hz, 4J ACHTUNGTRENNUNG(C,P)=


1.8 Hz; PCH2), 29.9 (d, 1J ACHTUNGTRENNUNG(C,P)=31.9 Hz; PCH2), 26.5 (d, 2J ACHTUNGTRENNUNG(C,P)=


1.3 Hz; PCH2CH2), 21.5 ppm (dd, 2J ACHTUNGTRENNUNG(C,P)=2.5, 3J ACHTUNGTRENNUNG(C,P)=2.0 Hz; CH2;
PCH2CH2);


31P{1H} NMR (81.0 MHz, CD2Cl2, 20 8C): d=57.3 (d, 2J-
ACHTUNGTRENNUNG(P,P)=38.2 Hz), 43.7 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=38.2 Hz); elemental analysis calcd
(%) for C42H39ClN2P2Ru: C 65.49, H 5.10, N 3.64; found: C 65.18, H
5.23, N 3.47.


Synthesis of 3 : The ligand b (39 mg, 0.175 mmol) and NEt3 (0.16 mL,
1.15 mmol) were added to [RuCl2ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(dppb)] (100 mg, 0.116 mmol) in
2-propanol (2 mL). The mixture was heated under reflux for 3 h, giving
an orange precipitate which was filtered, washed with pentane (4G3 mL),
and dried under reduced pressure. The solid was dissolved in CH2Cl2
(0.5 mL), kept at �20 8C for 18 h, affording the precipitation of triethyl-
ammonium chloride which was eliminated by filtration. The resulting so-
lution was concentrated (1 mL) and addition of pentane (2 mL) gave an
orange precipitate which was filtered, washed with pentane (2 mL), and
dried under reduced pressure. Yield: 60 mg (66%); 1H NMR
(200.1 MHz, CD2Cl2, 20 8C): d=8.18 (pseudot, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; aro-
matic protons), 8.01 (d, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; aromatic proton), 7.82
(pseudot, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; aromatic protons), 7.68 (d, J ACHTUNGTRENNUNG(H,H)=


5.4 Hz, 1H; aromatic proton), 7.65 (d, J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H; aromatic
proton), 7.49–7.22 (m, 14H; aromatic protons), 6.98 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
1H; aromatic proton), 6.45 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H; aromatic proton),
6.16 (pseudot, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; aromatic protons), 5.45 (t, J ACHTUNGTRENNUNG(H,H)=


8.4 Hz, 2H; aromatic protons), 4.37 (m, 1H; NCHMe), 3.55 (t, J ACHTUNGTRENNUNG(H,H)=


11.4 Hz, 1H; NH2), 3.20–2.85 (m, 3H; CH2), 2.40–1.70 (m, 6H; CH2 and
NH2), 1.58 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 3H; CHCH3);


13C{1H} NMR
(50.3 MHz, CD2Cl2, 20 8C): d=179.1 (dd, 2J ACHTUNGTRENNUNG(C,P)=16.3, 8.4 Hz; CRu),
157.8–116.5 (m; aromatic carbon atoms), 58.5 (d, 3J ACHTUNGTRENNUNG(C,P)=2.6 Hz;
NCHMe), 33.3 (dd, 1J ACHTUNGTRENNUNG(C,P)=24.9 Hz, 4J ACHTUNGTRENNUNG(C,P)=2.2 Hz; PCH2), 30.5 (d,
1J ACHTUNGTRENNUNG(C,P)=32.1 Hz; PCH2), 26.8 (d, 2J ACHTUNGTRENNUNG(C,P)=2.0 Hz; PCH2CH2), 23.4 (s;
CHCH3), 22.0 ppm (m; PCH2CH2);


31P{1H} NMR (81.0 MHz, CD2Cl2,
20 8C): d=57.3 (d, 2J ACHTUNGTRENNUNG(P,P)=38.3 Hz), 43.6 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=38.3 Hz); ele-
mental analysis calcd (%) for C43H41ClN2P2Ru: C 65.85, H 5.27, N 3.57;
found: C 66.10, H 5.40, N 3.74.


Synthesis of 4 : Compound 4 was prepared in a way similar to that de-
scribed for 3, using the ligand c in place of b and heating the [RuCl2-
ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(dppb)]/c/NEt3 mixture under reflux for 5 h. Yield: 50 mg (52%);
1H NMR (200.1 MHz, CD2Cl2, 20 8C): d =8.08 (pseudot, J ACHTUNGTRENNUNG(H,H)=9.5 Hz,
2H; aromatic protons), 7.98 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H; aromatic proton),
7.71 (pseudot, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; aromatic protons), 7.53 (d, J ACHTUNGTRENNUNG(H,H)=


8.7 Hz, 1H; aromatic proton), 7.51 (d, J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; aromatic
proton), 7.39–7.19 (m, 14H; aromatic protons), 7.11 (d, J ACHTUNGTRENNUNG(H,H)=8.8 Hz,
1H; aromatic proton), 6.33 (pseudot, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; aromatic
proton), 6.03 (pseudot, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; aromatic protons), 5.32 (t,
J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; aromatic protons), 3.60–3.36 (m, 2H; NCHtBu and
NH2), 3.09–2.84 (m, 3H; CH2), 2.24–1.40 (m, 6H; CH2 and NH2),


0.91 ppm (s, 9H; tBu); 13C{1H} NMR (50.3 MHz, CD2Cl2, 20 8C): d=


180.3 (dd, 2J ACHTUNGTRENNUNG(C,P)=16.7, 8.1 Hz; CRu), 155.5–118.8 (m; aromatic carbon
atoms), 72.9 (d, 3J ACHTUNGTRENNUNG(C,P)=2.9 Hz; NCHtBu), 35.3 (s; C ACHTUNGTRENNUNG(CH3)3), 33.4 (dd,
1J ACHTUNGTRENNUNG(C,P)=24.7 Hz, 4J ACHTUNGTRENNUNG(C,P)=1.9 Hz; PCH2), 30.4 (d, 1J ACHTUNGTRENNUNG(C,P)=32.2 Hz;
PCH2), 27.5 (s; CACHTUNGTRENNUNG(CH3)3), 27.0 (d, 2J ACHTUNGTRENNUNG(C,P)=1.7 Hz; PCH2CH2), 21.8 ppm
(d, 2J ACHTUNGTRENNUNG(C,P)=3.1 Hz; PCH2CH2);


31P{1H} NMR (81.0 MHz, CD2Cl2,
20 8C): d=57.1 (d, 2J ACHTUNGTRENNUNG(P,P)=38.6 Hz), 44.5 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=38.6 Hz); ele-
mental analysis calcd (%) for C46H47ClN2P2Ru: C 66.86, H 5.73, N 3.39;
found: C 67.10, H 5.70, N 3.19.


Synthesis of 5 : Toluene (2 mL) was added to [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (0.150 g,
0.156 mmol) and (R,S)-Josiphos·C2H5OH (120 mg, 0.187 mmol) and the
suspension was heated under reflux for 1 h. The solvent was removed
under reduced pressure and the residue was treated with 2-propanol
(2 mL), the ligand a (36 mg, 0.172 mmol), and NEt3 (0.22 mL,
1.58 mmol). The mixture was heated under reflux for 2 h and then cooled
to room temperature. Addition of pentane (5 mL) afforded a precipitate
which was filtered, washed with pentane (4G3 mL), and dried under re-
duced pressure. The solid was dissolved in CH2Cl2 (0.5 mL), kept at
�20 8C for 18 h, to afford the precipitation of triethylammonium chloride
which was eliminated by filtration. The solution was concentrated (1 mL)
and addition of pentane (2 mL) afforded an orange precipitate which was
filtered, washed with pentane (2G2 mL), and dried under reduced pres-
sure. Yield: 90 mg (61%); 1H NMR (200.1 MHz, CD2Cl2, 20 8C): d=8.33
(d, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; aromatic proton), 8.22–7.16 (m, 16H; aromatic
protons), 4.70–4.35 (m, 4H; C5H3, PCH), 4.24–4.10 (m, 2H; NCH2), 3.79
(s, 5H; C5H5), 3.45 (m, 1H; NH2), 2.95–0.60 ppm (m, 26H; CH, CH2,
CH3, NH2);


13C{1H} NMR (50.3 MHz, CD2Cl2, 20 8C): d=158.0–117.0 (m;
aromatic carbon atoms), 97.6 (m; ipso-C5H3), 74.4 (s; C5H3), 72.5 (m;
ipso-C5H3), 70.8 (s; C5H5), 70.3 (d, J ACHTUNGTRENNUNG(C,P)=4.3 Hz; C5H3), 68.9 (d, J-
ACHTUNGTRENNUNG(C,P)=4.8 Hz; C5H3), 53.0 (d, 3J ACHTUNGTRENNUNG(C,P)=1.8 Hz; NCH2), 40.4 (d, 1J ACHTUNGTRENNUNG(C,P)=


15.8 Hz; CH of Cy), 38.0 (d, 1J ACHTUNGTRENNUNG(C,P)=17.5 Hz; CH of Cy), 31.8–23.1 (m;
CH2 of Cy), 29.6 (d, 1J ACHTUNGTRENNUNG(C,P)=3.5 Hz; PCHCH3), 15.9 ppm (d, 2J ACHTUNGTRENNUNG(C,P)=


6.8 Hz; PCHCH3);
31P{1H} NMR (81.0 MHz, CDCl3, 20 8C): d=68.8 (d,


2J ACHTUNGTRENNUNG(P,P)=42.0 Hz), 43.4 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=42.0 Hz); elemental analysis
calcd (%) for C50H55ClFeN2P2Ru: C 64.00, H 5.91, N 2.99; found: C
64.30, H 6.02, N 3.05.


Synthesis of 6 : CH2Cl2 (2 mL) was added to [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (0.150 g,
0.156 mmol) and (S,R)-Josiphos* (133 mg, 0.187 mmol) and the mixture
was stirred for 1 h at room temperature. The solvent was removed under
reduced pressure and the residue was treated with 2-propanol (1 mL),
heptane (1 mL), the ligand a (36 mg, 0.172 mmol), and NEt3 (0.22 mL,
1.58 mmol). The suspension was heated under reflux overnight and after
filtration the solvent was removed. The residue was treated with heptane
(2 mL) and the solution was heated under reflux for 2 h, concentrated
(1 mL), and addition of pentane (1 mL) led to a precipitate, which was
filtered and dried under reduced pressure. The solid was dissolved in
CH2Cl2 (0.5 mL), kept at �20 8C for 18 h to afford the precipitation of
the residual NEt3HCl, which was filtered. The resulting solution was con-
centrated (1 mL) and addition of pentane (2 mL) led to an orange pre-
cipitate, which was filtered, washed with pentane (2G2 mL), and dried
under reduced pressure. Yield: 90 mg (55%) as mixture of two diastereo-
isomers in 5:1 ratio; 1H NMR (200.1 MHz, CD2Cl2, 20 8C): d=8.37–6.60
(m; aromatic protons), 5.02–4.01 (m; PCH, C5H3, CH2NH2), 3.74–3.70
(m; OMe, C5H5), 2.57 (s; CH3), 2.20 (s; CH3), 2.18 (s; CH3), 1.84–
0.78 ppm (m; CH3, Cy, NH2);


13C{1H} NMR (50.3 MHz, CD2Cl2, 20 8C):
d=182.8 (m; CRu), 161.3–116.4 (m; aromatic carbons), 97.5 (dd, J-
ACHTUNGTRENNUNG(C,P)=21.2, 3.9 Hz; ipso-C5H3), 74.3–70.5 (s; C5H3, C5H5), 70.3 (s;
OCH3), 70.2 (s; C5H5), 68.3 (d, J ACHTUNGTRENNUNG(C,P)=4.1 Hz; C5H3), 68.0 (d, J ACHTUNGTRENNUNG(C,P)=


4.2 Hz; C5H3), 53.4 (br s; NCH2), 38.0 (d, 1J ACHTUNGTRENNUNG(C,P)=20.3 Hz; CH of Cy),
37.2 (d, 1J ACHTUNGTRENNUNG(C,P)=18.3 Hz; CH of Cy), 32.5–26.2 (m; PCHMe, CH2 of
Cy), 16.7 (s, Me), 16.6 (s, Me), 16.2 (s, Me), 15.5 ppm (d, 2J ACHTUNGTRENNUNG(C,P)=6.1 Hz;
PCMe); 31P{1H} NMR (81.0 MHz, CD2Cl2, 20 8C): d=67.3 (d, 2J ACHTUNGTRENNUNG(P,P)=


41.9 Hz; major complex), 60.1 (d, 2J ACHTUNGTRENNUNG(P,P)=40.0 Hz), 40.9 (d, 2J ACHTUNGTRENNUNG(P,P)=


40.0 Hz), 38.5 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=41.9 Hz; major complex); elemental anal-
ysis calcd (%) for C56H67ClFeN2O2P2Ru: C 63.79, H 6.40, N 2.66; found:
C 64.02, H 6.60, N 2.86.


Synthesis of 7: Toluene (3 mL) was added to [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (0.150 g,
0.156 mmol) and (S,S)-Skewphos (89 mg, 0.202 mmol) and the mixture
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was heated under reflux for 2 h, following the procedure described for 5.
Yield: 70 mg (57%) as mixture of two diastereoisomers in 4:1 ratio;
1H NMR (200.1 MHz, CD2Cl2, 20 8C): d =8.31–5.80 (m; aromatic pro-
tons), 6.44 (t, J ACHTUNGTRENNUNG(H,H)=8.6 Hz; aromatic proton), 6.14 (t, J ACHTUNGTRENNUNG(H,H)=


6.4 Hz; aromatic proton), 5.84 (t, J ACHTUNGTRENNUNG(H,H)=8.0 Hz; aromatic proton), 4.42
(s), 4.20 (d, J ACHTUNGTRENNUNG(H,H)=3.4 Hz), 3.68 (br s), 3.37 (m), 3.03 (m), 2.78 (br s),
2.36 (pseudoq, J ACHTUNGTRENNUNG(H,H)=13.5 Hz; CHCH2), 2.00–1.40 (m), 1.35 (t, J-
ACHTUNGTRENNUNG(H,H)=7.4 Hz), 1.29 (dd, 3J ACHTUNGTRENNUNG(H,H)=14.5, 2J ACHTUNGTRENNUNG(H,P)=7.3 Hz; CH3), 0.91 (br
m, CHCH2), 0.76 (br s), 0.55 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=11.4, 2J ACHTUNGTRENNUNG(H,P)=6.9 Hz;
CH3);


13C{1H} NMR (50.3 MHz, CD2Cl2, 20 8C): d=178.5 (m; CRu),
159.3–116.2 (m; aromatic carbon atoms), 51.3 (d, 3J ACHTUNGTRENNUNG(C,P)=1.5 Hz;
NCH2), 37.9 (m; CHCH2), 33.0 (m; PCH), 32.6 (m; PCH), 19.5 (d, 2J-
ACHTUNGTRENNUNG(C,P)=6.1 Hz; PCHCH3), 17.5 ppm (dd, 2J ACHTUNGTRENNUNG(C,P)=6.5, 4J ACHTUNGTRENNUNG(C,P)=3.0 Hz;
PCHCH3);


31P{1H} NMR (81.0 MHz, CD2Cl2, 20 8C): d=66.2 (d, 2J ACHTUNGTRENNUNG(P,P)=


46.2 Hz; major complex), 64.4 (d, 2J ACHTUNGTRENNUNG(P,P)=48.7 Hz), 53.3 (d, 2J ACHTUNGTRENNUNG(P,P)=


48.7 Hz), 47.8 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=46.2 Hz; major complex); elemental anal-
ysis calcd (%) for C43H41ClN2P2Ru: C 65.85, H 5.27, N 3.57; found: C
66.06, H 5.37, N 3.63.


Synthesis of 8 : Toluene (2 mL) was added to [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (0.150 g,
0.156 mmol) and (S)-MeO-Biphep (136 mg, 0.233 mmol) and the mixture
was heated under reflux for 2 h, following the procedure described for 5.
Yield: 95 mg (66%) as mixture of two diastereoisomers in 3:1 ratio;
1H NMR (200.1 MHz, CDCl3, 20 8C): d=8.45 (d, J ACHTUNGTRENNUNG(H,H)=7.0 Hz; aro-
matic protons), 8.07–5.52 (m; aromatic protons), 4.43 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.8,
3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H; NCH2, major complex), 4.25 (m, 1H; NCH2, major
complex), 3.88 (s; OCH3, major complex), 3.74 (s; OCH3, minor com-
plex), 3.39 (s; OCH3, major complex), 3.28 (s; OCH3, minor complex),
2.05 ppm (t, 1H, J ACHTUNGTRENNUNG(H,H)=7.3 Hz; NH2);


13C{1H} NMR (50.3 MHz,
CDCl3, 20 8C): d=177.8 (m; CRu), 164.8–110.6 (m; aromatic carbon
atoms), 55.8 (s, OCH3), 55.7 (s, OCH3), 54.9 (s, OCH3), 54.6 (s, OCH3),
52.2 ppm (d, 3J ACHTUNGTRENNUNG(C,P)=1.7 Hz; NCH2);


31P{1H} NMR (81.0 MHz, CD2Cl2,
20 8C): d =60.3 (d, 2J ACHTUNGTRENNUNG(P,P)=40.5 Hz), 51.9 (d, 2J ACHTUNGTRENNUNG(P,P)=40.5 Hz), 50.3 (d,
2J ACHTUNGTRENNUNG(P,P)=35.5 Hz; major complex), 49.8 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=35.5 Hz; major
complex); elemental analysis calcd (%) for C52H43ClN2O2P2Ru: C 67.42;
H 4.68; N 3.02; found: C 67.73, H 4.80, N 3.12.


Synthesis of 10 : A 0.1m solution of NaOiPr (2.9 mL, 0.290 mmol) in 2-
propanol was added to a suspension of complex 2 (150 mg, 0.195 mmol)
in toluene (2.9 mL). The mixture was stirred at 60 8C for 1 h. The result-
ing dark red solution was concentrated to half volume, stirred at RT for
1 h and after addition of toluene (3 mL), kept at �20 8C for 18 h to
afford the precipitation of NaCl, which was filtered on celite (fine frit).
The solution was stirred under H2 (1 atm) at RT for 1 h, and the solvent
was eliminated obtaining a bright orange product, which was dried under
reduced pressure. Yield: 119 mg (83%); 1H NMR (200.1 MHz, C6D6,
20 8C): d=8.58 (t, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; aromatic protons), 8.40–6.80 (m,
18H; aromatic protons), 6.37 (d, J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; aromatic proton),
6.27 (d, J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 2H; aromatic protons), 6.14 (m, 2H; aromatic
protons), 5.50 (t, J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 2H; aromatic protons), 3.20–1.45 (m,
12H; CH2 and NH2), �5.40 ppm (dd, 2J ACHTUNGTRENNUNG(H,P)=90.0, 26.2 Hz, 1H; Ru-
H); 31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d =66.6 (d, 2J ACHTUNGTRENNUNG(P,P)=16.7 Hz),
35.0 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=16.7 Hz); IR (Nujol): n =1742 cm�1 (Ru-H); ele-
mental analysis calcd (%) for C42H40N2P2Ru: C 68.56, H 5.48, N 3.81;
found: C 68.20, H 5.44, N 3.45.


Synthesis of 11: A 0.1m solution of NaOiPr (3.9 mL, 0.390 mmol) in 2-
propanol was added to a suspension of complex 2 (200 mg, 0.260 mmol)
in toluene (3.9 mL). The mixture was stirred at 60 8C for 2 h, and at RT
for an additional 1 h. The resulting dark red solution was kept at �20 8C
for 4 h to afford the precipitation of NaCl, which was filtered on celite
(fine frit). 4,4’-Difluorobenzophenone (68.0 mg, 0.312 mmol) was added
and the solution was stirred at RT for 30 min. The solvent was eliminat-
ed, toluene (2 mL) was added, and the mixture was kept at �20 8C for
2 h, filtered on celite, and the solution was concentrated (1 mL). Addi-
tion of pentane afforded the precipitation of a red-orange product which
was dried under reduced pressure. Yield: 186 mg (75%); 1H NMR
(200.1 MHz, C6D6, 20 8C): d =8.15 (m, 2H; aromatic protons), 8.03 (t, J-
ACHTUNGTRENNUNG(H,H)=7.60 Hz, 2H; aromatic protons), 7.66–6.25 (m, 26H; aromatic
protons), 6.02 (t, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H; aromatic protons), 5.86 (d, J-
ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; aromatic proton), 5.41 (t, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; aro-


matic protons), 5.28 (br s, 1H; NH2), 4.46 (d, 4J ACHTUNGTRENNUNG(H,P)=3.3 Hz, 1H;
OCH), 3.24–2.65 (m, 4H; CH2, NH2), 2.35–0.80 ppm (m, 7H; CH2, NH2);
13C{1H} NMR (50.3 MHz, C6D6, 20 8C): d =183.4 (dd, 2J ACHTUNGTRENNUNG(C,P)=15.0,
8.5 Hz; CRu), 161.1 (d, 1J ACHTUNGTRENNUNG(C,F)=240.6 Hz; C-F), 160.6 (d, 1J ACHTUNGTRENNUNG(C,F)=


240.2 Hz; C-F), 156.0–113.4 (m; aromatic carbon atoms), 79.9 (s, OCH),
52.0 (d, 3J ACHTUNGTRENNUNG(C,P)=2.5 Hz; NCH2), 31.3 (d, 1J ACHTUNGTRENNUNG(C,P)=28.3 Hz; PCH2), 30.7
(d, 1J ACHTUNGTRENNUNG(C,P)=29.5 Hz; PCH2), 26.8 (s; PCH2CH2), 22.3 ppm (d, 2J ACHTUNGTRENNUNG(C,P)=


2.3 Hz; PCH2CH2);
31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d=57.0 (d, 2J-


ACHTUNGTRENNUNG(P,P)=34.3 Hz), 40.3 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=34.3 Hz); 19F{1H} NMR
(188.3 MHz, C6D6, 20 8C, CFCl3): d=�119.6, �120.3 ppm; elemental
analysis calcd (%) for C55H48F2N2OP2Ru: C 69.24, H 5.07, N 2.94; found:
C 69.16, H 5.29, N 2.93.


Synthesis of 12 : CH2Cl2 (5 mL) was added to [OsCl2 ACHTUNGTRENNUNG(PPh3)3] (200 mg,
0.191 mmol) and dppb (98 mg, 0.230 mmol), and the green solution was
stirred at RT for 2 h. The solvent was removed under reduced pressure
and the residue was suspended in 2-propanol (5 mL). Addition of the
ligand a (48 mg, 0.230 mmol) and NEt3 (0.32 mL, 2.30 mmol) afforded a
mixture which was heated under reflux for 3 h, leading to a red precipi-
tate. After filtration the product was washed with 2-propanol (3G10 mL)
and pentane (2G10 mL) and dried under reduced pressure at 45 8C.
Yield: 144 mg (88%); 1H NMR (200.1 MHz, CD2Cl2, 20 8C): d =8.13
(pseudot, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H; aromatic protons), 7.93 (d, J ACHTUNGTRENNUNG(H,H)=


6.9 Hz, 1H; aromatic proton), 7.76 (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H; aromatic pro-
tons), 7.64–7.20 (m, 16H; aromatic protons), 6.98 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz,
1H; aromatic proton), 6.44 (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H; aromatic proton),
6.17 (pseudot, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H; aromatic protons), 5.49 (t, J ACHTUNGTRENNUNG(H,H)=


7.9 Hz, 2H; aromatic protons), 4.50 (d, J ACHTUNGTRENNUNG(H,H)=20.7 Hz, 1H; NCH2),
4.00 (m, 2H; NH2 and NCH2), 3.53 (m, 1H; CH2), 3.30–2.65 (m, 2H;
CH2 and NH2), 2.42–1.48 ppm (m, 6H; CH2);


13C{1H} NMR (50.3 MHz,
CD2Cl2, 20 8C): d=157.2 (t; 2J ACHTUNGTRENNUNG(C,P)=6.5 Hz; C-Os), 155.6 (s; NCC),
154.5 (s; NCCH2), 147.7–115.8 (m; aromatic carbon atoms), 54.6 (s;
NCH2), 35.2 (dd, 1J ACHTUNGTRENNUNG(C,P)=36.5 Hz, 4J ACHTUNGTRENNUNG(C,P)=4.3 Hz; PCH2), 30.2 (dd, 1J-
ACHTUNGTRENNUNG(C,P)=42.2 Hz, 4J ACHTUNGTRENNUNG(C,P)=5.2 Hz; PCH2), 26.7 (s; PCH2CH2), 21.2 ppm
(pseudot, J ACHTUNGTRENNUNG(C,P)=2.0 Hz; PCH2CH2);


31P{1H} NMR (81.0 MHz, CD2Cl2,
20 8C): d=0.9 (d, 2J ACHTUNGTRENNUNG(P,P)=13.7 Hz), 0.8 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=13.7 Hz);
31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d=1.7 (d, 2J ACHTUNGTRENNUNG(P,P)=12.9 Hz),
0.5 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=12.9 Hz); elemental analysis calcd (%) for
C42H39ClN2OsP2: C 58.70, H 4.57, N 3.26; found: C 58.42, H 4.74, N 3.27.


Synthesis of 14 : A 0.1m solution of NaOiPr (1.3 mL, 0.130 mmol) in 2-
propanol was added to a suspension of complex 12 (100 mg, 0.116 mmol)
in toluene (1.3 mL), and the mixture was stirred at 35 8C for 3 h. The re-
sulting dark red solution was kept at �20 8C for 4 h to afford the precipi-
tation of NaCl, which was filtered on celite (fine frit). The solvent was
eliminated at low pressure and the solid was extracted with pentane
(1 mL), affording a brown product which was dried under reduced pres-
sure. Yield: 71 mg (74%); 1H NMR (200.1 MHz, C6D6, 20 8C): d=8.53 (t,
J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H; aromatic protons), 8.31 (d, J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H; ar-
omatic proton), 8.05–6.62 (m, 18H; aromatic protons), 6.40 (t, J ACHTUNGTRENNUNG(H,H)=


8.2 Hz, 1H; aromatic proton), 6.25–6.05 (m, 3H; aromatic protons), 5.49
(t, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H; aromatic protons), 4.0 (t, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H;
NCH2), 3.66–0.70 (m, 11H; CH2, NH2), �5.14 ppm (dd, 2J ACHTUNGTRENNUNG(H,P)=73.9,
23.9 Hz, 1H; OsH); 31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d=19.9 (d,
2J ACHTUNGTRENNUNG(P,P)=3.7 Hz), 5.4 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=3.7 Hz); elemental analysis calcd
(%) for C42H40N2OsP2: C 61.15, H 4.89, N 3.40; found: C 60.85, H 5.02, N
3.13.


Synthesis of 15 : A 0.1m solution of NaOiPr (1.6 mL, 0.160 mmol) in 2-
propanol was added to a suspension of complex 12 (123 mg, 0.143 mmol)
in toluene (1.6 mL), and the mixture was stirred at 35 8C for 3 h. The re-
sulting dark red solution was kept at �20 8C for 4 h to afford the precipi-
tation of NaCl, which was filtered on celite (fine frit). 4,4’-Difluorobenzo-
phenone (35 mg, 0.160 mmol) was added and the mixture was stirred at
RT for 1 h. The solvent was eliminated, toluene (2 mL) was added and
the mixture was kept at �20 8C for 2 h and filtered on celite; the resulting
solution was concentrated. Addition of pentane (5 mL) afforded the pre-
cipitation of a dark-yellow product, which was filtered and dried under
reduced pressure. Yield: 107 mg (72%); 1H NMR (200.1 MHz, C6D6,
20 8C): d=8.18 (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H; aromatic proton), 8.07 (d, J-
ACHTUNGTRENNUNG(H,H)=8.3 Hz, 1H; aromatic proton), 7.93 (t, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H; aro-
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matic protons), 7.66–6.21 (m, 26H; aromatic protons), 6.04 (dt, J ACHTUNGTRENNUNG(H,H)=


7.6, 1.8 Hz, 2H; aromatic protons), 5.83 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; aromat-
ic proton), 5.42 (t, J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H; aromatic protons), 5.28 (br s,
1H; NH2), 4.61 (m, 1H; OCH), 3.48 (m, 1H; NCH2), 3.26 (s, 2H; CH2


and NH2), 2.91 (pseudot, J ACHTUNGTRENNUNG(H,H)=13.2 Hz, 1H; NCH2), 2.42 (m, 1H;
CH2), 2.25 (m, 2H; CH2), 1.94–0.77 ppm (m, 4H; CH2);


13C{1H} NMR
(50.3 MHz, C6D6, 20 8C): d=162.4 (brd, 1J ACHTUNGTRENNUNG(C,F)=245 Hz; C-F), 162.0
(dd, 2J ACHTUNGTRENNUNG(C,P)=7.9, 3.7 Hz; C-Os), 156.4 (s; CCN), 155.1 (s; NCCH2),
147.9–113.0 (m; aromatic carbon atoms), 79.7 (br s; OCH), 54.0 (d, 3J-
ACHTUNGTRENNUNG(C,P)=2.2 Hz; NCH2), 33.7 (d, 2J ACHTUNGTRENNUNG(C,P)=33.2 Hz; PCH2), 30.8 (d, 2J-
ACHTUNGTRENNUNG(C,P)=34.4 Hz; PCH2), 26.7 (s; CH2), 21.6 ppm (s; CH2);


31P{1H} NMR
(81.0 MHz, C6D6, 20 8C): d=1.8 (d, 2J ACHTUNGTRENNUNG(P,P)=8.2 Hz), �0.8 ppm (d, 2J-
ACHTUNGTRENNUNG(P,P)=8.2 Hz); 19F{1H} NMR (188.3 MHz, C6D6, 20 8C): d=�119.4,
�120.1 ppm; elemental analysis calcd (%) for C55H48F2N2OOsP2: C 63.33,
H 4.64, N 2.69; found: C 62.84, H 4.72, N 2.62.


Typical procedure for the catalytic TH of ketones : The complex
(2.5 mmol) was dissolved in 2-propanol (5 mL). The ketone (2.0 mmol)
was dissolved in 2-propanol (final volume 19.4 mL) and the solution was
heated under argon. By addition of NaOiPr in 2-propanol (0.1m, 400 mL,
40 mmol) and a solution of the catalyst in 2-propanol (200 mL), the reduc-
tion of the ketone starts immediately and the yield was determined by
GC (complex 0.005 mol%, NaOiPr 2 mol%, ketone 0.1m).


Typical procedure for the catalytic TH of ketones with the in-situ-pre-
pared catalyst : A solution of [MCl2 ACHTUNGTRENNUNG(PPh3)3] (M=Ru, Os; 2.5 mmol) and
the diphosphane (3.8 mmol) in 2-propanol (5 mL) was heated under
reflux for 1 h and, after addition of the HCN’N ligand (5.0 mmol of a or
7.5 mmol of b, c), for an additional 1 h. The ketone (2.00 mmol) was dis-
solved in 2-propanol (final volume: 19.4 mL) and the solution was heated
at 60 8C. Addition of NaOiPr in 2-propanol (0.1m, 400 mL, 40 mmol) and
the solution of the complex in 2-propanol (200 mL), affords the reduction
of the ketone (complex 0.005 mol%, NaOiPr 2 mol%, ketone 0.1m).


Single-crystal X-ray structure determination of compound 3 : Crystal data
and details of the structure determination: formula:
C43H41ClN2P2Ru·2CH2Cl2; Mr=954.09; crystal color and shape: orange
fragment, crystal dimensions=0.28G0.43G0.61 mm; crystal system: tri-
clinic; space group P1̄ (no. 2); a=10.8227(2), b=12.1648(2), c=


17.3533(3) V; a =96.0103(13), b =91.1186(12), g=112.3160(14)8 ; V=


2097.57(7) V3; Z=2; m ACHTUNGTRENNUNG(MoKa)=0.804 mm�1; 1calcd=1.511 gcm�3; q


range=3.02–25.328 ; data collected: 38733; independent data [Io>2s(Io)/
all data/Rint]: 6940/7635/0.014; data/restraints/parameters: 7635/0/679; R1
[Io>2s(Io)/all data]: 0.0244/0.0287; wR2 [Io>2s(Io)/all data]: 0.0542/
0.0572; GOF=1.084; D1max/min: 0.88/�0.71 eV�3. Suitable single crystals
for the X-ray diffraction study were grown from dichloromethane. A
clear orange fragment was stored under perfluorinated ether, transferred
in a Lindemann capillary, fixed, and sealed. Preliminary examination and
data collection was carried out on an area detecting system with graph-
ite-monochromated MoKa radiation (l =0.71073 V, OXFORD DIF-
FRACTION, Xcalibur, k-CCD, sealed tube, Enhance X-ray Source,
SPELLMAN, DF3). The unit cell parameters were obtained by full-
matrix least-squares refinements during the scaling procedure. Data col-
lection was performed at low temperature (T=153 K, OXFORD CRYO-
SYSTEMS cooling device). The crystal was measured with nine data sets
in rotation scan modus (dp/dw=1.008 ; dx=50). Intensities were integrat-
ed and the raw data were corrected for Lorentz, polarization, and, arising
from the scaling procedure for latent decay and absorption effects. The
structure was solved by a combination of direct methods and difference
Fourier syntheses. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen positions could be located in the
final Fourier maps and were allowed to refine freely. A disorder
[0.52(3):0.48(3)] of one of the two solvent molecules could be resolved
clearly. Those hydrogen atoms were placed in ideal positions and refied
using a riding model. Small extinction effects were corrected with the
SHELXL-97 procedure with e=0.0048(3). Full-matrix least-squares re-
finements were carried out by minimizing Ew(F0


2�Fc
2)


2 with the
SHELXL-97 weighting scheme and stopped at shift/err <0.002. The final
residual electron density maps showed no remarkable features. Neutral
atom scattering factors for all atoms and anomalous dispersion correc-
tions for the non-hydrogen atoms were taken from the International


Tables for Crystallography.[34] CCDC-687367 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Biomembrane systems pose formidable physical barriers for
the trafficking of foreign molecules such as therapeutic and
diagnostic agents. Tightly controlled cellular membranes
allow entry into the cell and organelles only to those foreign
molecules with appropriate ranges of molecular size, polari-
ty, and charge. Potential drug molecules have to overcome
these physical barriers in order to reach their target tissues,
cells, and organelles for their desired therapeutic effects. A
number of physical and chemical methods by which to ac-
complish these difficult challenges have been proposed.


In nature, a variety of peptides called cell-penetrating
peptides (CPPs) or protein transduction domains (PTDs)
have been discovered to have the ability to cross the cell
membranes; they include HIV-1 Tat, Drosophila Antennape-
dia peptides, and Kaposi)s sarcoma fibroblast growth factor
membrane translocating sequence.[1] Among these peptides,
the Tat peptide—consisting of nine basic amino acids
(RKKRRQRRR)—and its arginine-rich peptide analogues
have been most extensively studied in terms of uptake
mechanism[2] and potential applications in delivering various
cargoes including small organic molecules,[3] proteins, nucle-
otides, and genes.[4] A number of research groups have also
endeavored to develop synthetic molecular transporters in
attempts to improve upon the Tat peptide and arginine-rich
peptides (e.g., stability to endogenous peptidases, in vivo ef-
ficacy, long-term safety) by using peptide mimetics such as
oligoarginine peptoids, guanidine-containing oligocarba-
mates, b-peptides, dendrimers, and other backbones.[5]


We, too, have been exploring novel synthetic molecular
transporters, which consist of multiple units of guanidine
residues attached to a carbohydrate-like scaffold through
linkers based on linear or branched alkyl chains of variable
length, together with additional functional groups reserved
for possible cargo and probe conjugation.[6–8] G8 (eight gua-
nidine residues) molecular transporters based on dimeric in-
ositol scaffolds showed excellent cellular uptake properties,
similar to or better than those of arginine oligomers (R8), in
several cell lines including simian kidney COS-7, mouse


Abstract: We have synthesized two lac-
tose-based molecular transporters, each
containing seven guanidine residues at-
tached to the lactose scaffold through
w-aminocarboxylate linker chains of
two different lengths, and have exam-
ined their cellular uptakes and intracel-
lular and organellar localizations in
HeLa cells, as well as their tissue distri-
butions in mice. Both molecular trans-


porters showed higher cellular uptake
efficiencies than Arg8, and wide tissue
distributions including the brain. Mito-
chondrial localization is of special in-


terest because of its potential relevance
to “mitochondrial diseases”. Interest-
ingly, it has been found that the intra-
cellular localization sites of the G7 mo-
lecular transporters—namely either mi-
tochondria or lysosomes and endocytic
vesicles—are largely determined by the
linker chain lengths, or their associated
lipophilicities.
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macrophage RAW264.7, and HeLa at 37 8C after 5 min ex-
posure. The transporter with the longer linker chain dis-
played enhanced uptake, although it was not clear whether
this is due to increased hydrophobicity or higher flexibility
for the interaction with cell membrane. Intracellular locali-
zation studies in the presence of tetramethylrhodamine-la-
beled transferrin and Tat peptide, MitoTracker and Lyso-
Tracker, as well as the mouse tissue distribution pattern, in-
dicated that they were quite distinct from Tat and R8 pep-
tides. The dimeric-inositol-based transporter and its doxoru-
bicin conjugate were found to cross the blood–brain barriers
efficiently.[6]


We have also prepared a series of G8 molecular transport-
ers based on a sorbitol scaffold and branched linkers, and
have examined their uptake properties. They showed inter-
nalization efficiencies somewhat superior to those of R8,
but displayed highly selective co-localization with Mito-
Tracker Red after 1 h at 37 8C in HeLa and CD34+ stem
cell-like KG1a leukemia cells. This is in stark contrast with
the observation that in HeLa cells the dimeric-inositol-
based (G8) carriers were widely distributed in the cytosol.
Their mouse tissue distributions were also interesting in the
sense that better distribution was noted in the heart muscle
and brain sections than in any other tissues examined. It
was suggested that the mitochondrial selectivity and the
better tissue distribution might be related to the higher
energy metabolism in these organs.[7] The mitochondrial
concentrations of the sorbitol-based transporters were
deemed very significant, since mitochondrial abnormalities
have been increasingly observed in a wide variety of degen-
erative neural diseases such as familial amyotrophic lateral
sclerosis (ALS, Lou Gehrigs) Disease), Hungtington)s dis-
eases, and Alzheimer)s disease, as well as in apoptosis and
aging,[9–13] and there is currently a dearth of viable mito-
chondrial transporters.[14–16] These results suggested to us
that the structural diversity in terms of the scaffold and
linker component and pattern might be profitably exploited
not only for cellular uptake, but also for organelle (mito-
chondria in particular) and tissue selectivity in the design of
synthetic molecular transporters. Here we report the synthe-
sis and cellular translocation properties of novel lactose-
based transporters, in which two transporters differing only
in their linker chain lengths show different organelle
ACHTUNGTRENNUNGselectivity.


Results and Discussion


Lactose (4-O-b-d-galactopyranosyl-d-glucopyranose), to-
gether with sucrose, maltose, and cellobiose, is one of the
most common disaccharides and so is readily available. It
occurs in mammalian milk; hence its trivial name of milk
sugar. In designing the lactose-based molecular transporters
we noticed a general trend that as the number of guanidine
residue increases, cellular uptake becomes more efficient
and cytotoxicity increases. We thus envisaged that the
anomeric hydroxyl group of lactose might be reserved for


possible cargo or fluorescent marker conjugation, and the
remaining seven hydroxyl groups used for the attachment of
guanidine functionalities through linear linker chains of
varying lengths. Lactose was thus perbenzoylated with ben-
zoyl chloride and pyridine at RT to afford 1 (Scheme 1),[17]


and the anomeric benzoyl group was selectively removed by
treatment with gaseous NH3 in methanolic THF to give 2.
Compound 2 was activated to the corresponding trichloro-
acetimidate 3 with CCl3CN and DBU, and subsequently gly-
cosylated with HO-(CH2)5-NHCbz/TMSOTf to give 4 in
good yield.[18, 19] b-Anomeric stereochemistry was expected
for compound 4 on the basis of literature precedents, and
was confirmed by its 1H NMR spectrum (J=8.0 Hz). The re-
maining benzoyl protecting groups in 4 were removed with
NaOMe in MeOH at reflux to provide 5 in good yield.


Compound 5 was then exhaustively acylated with w-N-
Boc-aminocarboxylic acids [BocNH-(CH2)n-CO2H, where
n=5 and 7] in the presence of 1-(3-dimethylaminopropyl)-3-
ethylcarbodimide hydrochloride (EDC) and 4-dimethyl-
ACHTUNGTRENNUNGaminopyridine (DMAP) in DMF for 48 h at RT to provide
6 and 7 (Scheme 2) in good yields after silica gel column
chromatography. The N-Boc protecting groups of 6 and 7
were removed by treatment with gaseous HCl in EtOAc to
give 8 and 9, which were subjected to guanidinylation with
N,N’-diBoc-N’’-trifluoromethanesulfonylguanidine and Et3N
in aqueous dioxane to yield compounds 10 and 11 in moder-
ate yields after column purification. Removal of the N-Cbz
protecting groups in 10 and 11 with H2 (35 psi) over Pd/C
(10%) afforded the free amines 12 and 13, which on treat-
ment with FITC-I (FITC= fluorescein isothiocyanate) yield-
ed 14 and 15 after purification. Compounds 14 and 15 were
treated with gaseous HCl in EtOAc to remove the N-Boc
protecting groups of the guanidine units. The thus obtained
target compounds 16 and 17 were rigorously purified by re-
versed-phase MPLC and thoroughly characterized by
1H NMR spectroscopy and MALDI-TOF mass spectral
analyses.


Scheme 1. i) BzCl, pyridine, RT, 8 h, 97%; ii) NH3 (gas), MeOH/THF 3:7,
RT, 24 h, 75%; iii) CCl3CN, DBU, 0 8C, 3 h, CH2Cl2, 92%; iv) HO-
(CH2)5-NHCbz, 0 8C, 1.5 h, TMSOTf, CH2Cl2, 80%; v) NaOMe, MeOH,
reflux, 3 h, 97%.
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Preliminary evaluations of the synthetic G7 transporters
for their uptake properties were carried out by confocal
laser scanning microscopy (CLSM) in HeLa cells without
fixing and comparison with results obtained with FITC-la-
beled arginine octamer (R8-Fl) as the reference standard.
After incubation of the cells with the transporters (10 mm)
for 15 min at 37 8C, cells were found to be substantially
marked with fluorescence. More detailed fluorescence-acti-
vated cell-sorter (FACS) studies were performed for both
transporters (Figure 1). The R8 has commonly been used as
the main representative among the peptide transporters that
show efficient internalization. From Figure 1 it is clear that
both 16 and 17 were internalized very efficiently and that
their fluorescence intensities internalized at 1 mm concentra-
tion were substantially higher than that of R8-Fl.


To investigate the intracellular localization of these trans-
porters, we stained each transporter with specific cellular or-
ganelle markers. Thus, when HeLa cells were incubated
with 16 (1 mm) at 37 8C for 1 h in the presence of Mito-track-
er Red 580 (a mitochondria marker), considerable localiza-
tion in mitochondria was observed. However, when the cells
were similarly treated with 16 in the presence of Lyso-track-
er Red DND 99 (a lysosome marker) or Transferrin-TxRed


(a clathrin-mediated endocytic vesicle marker), it did not
show discernible co-localization (Figure 2A). Next, HeLa
cells were incubated with compound 17 in the presence of
the same cellular organelle markers for 1 h at 37 8C. Unlike
16, compound 17 was not located in mitochondria. Instead it
showed a punctuate pattern and partial localization with en-
docytic vesicles and lysosomes (Figure 2B).


We next examined the tissue distributions of compound
16 and 17 in mice (Figure 3). Compounds 16 and 17 (HCl
salts, 82 mgkg�1) were dissolved in sterile distilled water and
injected intraperitoneally (i.p.) into 8-week-old mice
(C57BL/6). After 20 min, the treated mice were perfused
with paraformaldehyde (4%) in phosphate buffer solution
(PBS; pH 7.4), and the organs—including the heart, spleen,
liver, kidneys, lungs, and brain—were incubated overnight in
sucrose solution in PBS (0.5m). Placed in cryoprotectant,
they were cut into 15 mm sections with the aid of a cryostat
and transferred to coated glass slides. After drying at 37 8C,
the sections were washed with PBS, treated with Triton X-
100 (0.3%) for 15 min at RT, and analyzed under an Axio-
plan2 fluorescence imaging microscope.


The Tat peptides have been reported to show wide distri-
butions in the liver, kidneys, lungs, heart muscle, and spleen,
whereas the dimeric-inositol transporters have been shown
to be distributed predominantly in the heart, lung, and brain


Scheme 2. i) EDC, DMAP, N-Boc-protected aminohexanoic acid (n=5),
w-aminooctanoic acid (n=7), DMF, RT, 2 d, 82 & 92%; ii) HCl (gas),
EtOAc, RT, 2 h, quant.; iii) N,N’-diBoc-N’’-triflylguanidine, Et3N, diox-
ane/H2O 5:1, RT, 3 d, 61 & 73%; iv) 10% Pd/C, H2 (35 psi), MeOH/
CH2Cl2 9:1, 3.5 h, quant. & 90%; v) FITC-I, Et3N, THF, abs. EtOH, RT,
24 h, 63 & 63%; vi) HCl (gas), EtOAc, 24 h, 70 & 73%.


Figure 1. Cellular uptake studies of lactose-based transporters 16 and 17
by FACS analysis. A) FACS analysis of take-up of compounds 16 and 17
(1 mm each) by HeLa cells. The cells were incubated with compounds in
serum-free DMEM at 37 8C for 1 h and analyzed for their average fluo-
rescence intensity. B) Kinetics study of the amounts of compounds inter-
nalized by the cells. The cells were incubated at 37 8C for the indicated
times and analyzed by FACS; *: R8-Fl, ~: 16, ^: 17.
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tissues, and the sorbitol transporter in heart and brain sec-
tions. In the cases of the lactose transporters 16 and 17, both
showed more pronounced distributions in the brain, liver,
and spleen sections. It is quite clear that all three types of
transporters we have studied so far (dimeric inositol, sorbi-
tol, and lactose scaffolds) readily cross the blood–brain bar-
rier, but also that they show somewhat variant tissue selec-
tivity depending on their molecular structures.


Conclusion


In summary, we have thus far examined three different
types of carbohydrate-based molecular transporters, with a
particular interest in the intracellular and tissue selectivity.
In terms of the intracellular localization, 1) the dimeric-ino-
sitol-based transporters (G8 and linear chain) showed wide
distribution in the cytosol, 2) the sorbitol-based transporters


Figure 2. Intracellular localization studies of transporters 16 and 17. A) Fluorescence microscope images of compound 16 and its localization. The HeLa
cells were treated with 16 (green fluorescence from FITC, 1 mm) and with mitochondria (Mito-tracker, 50 nm), lysosome (Lyso-tracker, 50 nm), and endo-
cytic vesicle (Transferrin-TxRed, 20 mgmL�1) markers at 37 8C for 1 h. Compound 16 was significantly localized in mitochondria, but not in other regions.
B) No co-localized signal from 17 (green fluorescence from FITC, 1 mmm) with Mito-tracker is seen; 17 is seen partially targeted to lysosome and endo-
cytic vesicle. High-magnification views (insets) of the region enclosed by rectangle are shown. Scale bars: 20 mm
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(G8 and branched chain) showed high selectivity toward mi-
tochondria, and 3) one of the lactose-based transporters (16 :
G7, linear chain, C6: hexanoic acid linker) with shorter
linker chains was found to target mitochondria, whereas the
other one (17: G7, linear chain, C8: octanoic acid linker)
with longer linker chains was found to be distributed in the
endocytic vesicles and endosomes. It is difficult at the
moment to pinpoint what structural factors have the major
impact on the organellar selectivity. Although it is likely
that the charge (number of guanidine moieties), the scaffold
structures with their associated spatial arrays, the chain flex-
ibility and lipophilicity collectively play important roles af-
fecting both the organellar affinity and the uptake mecha-
nism, in the present cases at least, it is the chain length
(more likely due to lipophilicity than flexibility) that deter-
mines the organellar selectivity. Further studies directed to-
wards elucidation of these structure/organellar selectivity re-
lationships of the guanidine-containing transporters are
clearly warranted and in progress.


Experimental Section


General methods : All non-hydrolytic reactions were carried out in oven-
dried glassware under dry argon or nitrogen. All commercial chemicals
were used as received except for solvents, which were purified and dried
by standard methods prior to use. Analytical TLC was performed on
Merck 60 F254 silica gel plates (0.25 mm thickness), analytical reversed-
phase TLC on Merck RP-8 F254 s plates, and visualization was accom-
plished with the aid of UV light (254 nm and 365 nm) and/or by spraying
with a 5% solution of phosphomolybdic acid or ninhydrin, followed by
charring with a heat gun. Column chromatography was performed on
Merck 60 silica gel (70–230 or 230–400 mesh), whereas MPLC was per-
formed on Fluka 100 C8-reversed phase silica gel. Melting points were
determined on a Thomas–Hoover MP apparatus and are uncorrected.
NMR spectra were recorded on Bruker DPX 300 (1H NMR at 300 MHz;
13C NMR at 75 MHz) and Bruker DRX 500 (1H NMR at 500 MHz;


13C NMR at 125 MHz) spectrometers. Tetramethysilane was used as ref-
erence, and the chemical shifts are reported in ppm and the coupling con-
stants in Hz. Analytical HPLC was performed on an Agilent 1100-HPLC
Chemstation with a Zorbax SB-C8 analytical column (5 mm, 4.6 mm IDR
25 cm). Low-resolution mass spectra were determined on a Micromass
Platform ll instrument (EI and FAB). High-resolution mass spectra were
done on a JMS-700 instrument, and MALDI-TOF mass spectra on a
Voyager-DE STR system at the Korea Basic Science Support Center.
The standard extractive workup procedure consisted of pouring into a
large amount of water, extracting thoroughly with the organic solvent in-
dicated, washing the combined extract successively with water and brine,
drying the extract over anhydrous Na2SO4 or MgSO4, and evaporating
the solvent.


2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!4)-1,2,3,6-tetra-O-
benzoyl-a-d-glucopyranose (1): Benzoyl chloride (7.73 mL, 66.6 mmol)
was added dropwise at 0 8C to a solution of a-lactose (2.3 g, 6.38 mmol)
in dry pyridine (40 mL). The mixture was stirred for 8 h at RT, and cold
water (10 mL) was added to quench the reaction. The reaction mixture
was diluted with CH2Cl2 (100 mL), and the organic phase was washed
first with HCl solution (1n, 2R20 mL) and then with sat. NaHCO3 solu-
tion to neutrality. The extract was dried (Na2SO4) and concentrated
under reduced pressure to afford the crude product as a yellow oil, which
was purified on silica gel (CH2Cl2/CH3OH 20:1) to give 1 as a white solid
(7.67 g, 97.2%). M.p. 118–120 8C (lit. :[9] 119–120 8C); 1H NMR (CDCl3):
d=3.73–3.86 (m, 2H; H-4 & H-5’), 3.94 (t, J=6.7 Hz, 1H; H-5), 4.32–
4.47 (m, 2H; H-6’), 4.60 (s, 2H; H-6), 4.99 (d, J=7.9 Hz, 1H; H-1’), 5.42
(dd, J=10.3, 3.3 Hz, 1H; H-3’), 5.66 (dd, J=10.3, 3.7 Hz, 1H; H-2), 5.78–
5.84 (m, 2H; H-2’ & H-4’), 6.25 (t, J=9.9 Hz, 1H; H-3), 6.79 (d, J=


3.7 Hz, 1H; H-1), 7.20–8.16 ppm (m, 40H; aromatic); 13C NMR (CDCl3):
d=61.55, 62.36, 68.06, 70.51, 70.78, 70.60, 71.76, 72.0, 72.52, 76.13, 90.39,
101.71, 128.64, 128.74, 128.79, 128.99, 129.16, 129.41, 130.07, 130.16,
130.19, 130.23, 130.39, 130.45, 133.66, 133.80, 133.89, 134.22, 164.88,
165.33, 165.65, 165.86, 165.96, 166.20 ppm.


2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzoyl-
d-glucopyranose (2): Compound 1 (0.50 g, 0.42 mmol) was dissolved in
methanol/THF (3:7), and NH3 gas was passed through the solution for
30 min at 0 8C. The solution was stirred at RT for 24 h and was then con-
centrated to afford the crude product as a yellow oil, which was chroma-
tographed on silica gel (EA/hex 1:2) to provide compound 2 (0.34 gm,
75%) as a white, foamy solid. 1H NMR (CDCl3): d=3.73–3.86 (m, 2H;
H-4 & H-5’), 4.07–4.11 (m, 1H; H-5’a & H-5’b), 4.23–4.37 (m, 1H; H-6’),
4.44–4.56 (m, 1H; H-6), 4.90 (d, J=8.0 Hz, 1H; H-1’b), 4.94 (d, J=


Figure 3. Distribution of 16 (middle) and 17 (bottom) (HCl salts) in mouse tissues (top: control). Fluorescence micrographs of: a)–c) heart, d)–f) spleen,
g)–i) liver, j)–l) kidney, m)–o) lung, p)–r) brain, and s)–u) stomach tissue sections, isolated from mice 20 min after i.p. injection. Exposure times (ms): a)–
c) 1000, d)–f) 1000, g)–i) 2500, j)–l) 2500, m)–o) 5000, p)–r) 10000, and s)–u) 2000. lmax =488 nm (green fluorescence from FITC).
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7.9 Hz, 1H; H-1’a), 5.26 (dd, J=10.2 Hz, 3.5 Hz, 1H; H-3’a & H-3’b),
5.34 (d, J=1.7 Hz, 1H; H-1b), 5.41 (dd, J=10.3 Hz, 3.1 Hz, 1H; H-2a &
H-2b), 5.64 (d, J=2.5 Hz, 1H; H-1a), 5.70–5.76 (m, 1H; H-4’a & H-2’a),
5.81 (t, J=9.0 Hz, 1H; H-3b), 6.18 (t, J=9.5 Hz, 1H; H-3a), 7.16–
7.98 ppm (m, 35H; aromatic); 13C NMR (CDCl3): d=61.58, 62.81, 62.97,
68.78, 70.40, 70.60, 71.76, 72.19, 72.29, 72.56, 72.89, 73.62, 74.33, 76.35,
76.47, 77.74, 90.71, 101.45, 128.70, 128.86, 129.02, 129.21, 129.80, 129.89,
130.01, 130.07, 130.16, 130.30, 130.36, 130.40, 133.54, 133.74, 133.85,
133.99, 134.28, 165.32, 165.71, 165.77, 165.88, 165.93, 166.08, 166.43,
166.57, 167.02 ppm; MS (FAB): m/z : calcd for C61H50O18Na: 1093.29
[M+Na]+ ; found: 1093.27.


1-O-[2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzoyl-d-glucopyranosyl] trichloroacetimidate (3): Trichloroacetonitrile
(20 mL) and DBU (0.002 mL, 0.012 mmol) were added to a solution of 2
(0.24 g, 0.25 mmol) in dry CH2C12 (5 mL). The reaction mixture was
stirred for 3 h and concentrated in vacuo. Flash chromatography (hexane/
EtOAc 3:1) provided 3 (0.25 g, 92%) as a colorless foam. 1H NMR
(CDCl3): d=3.72–3.89 (m, 3H; H-5’, H-6a’& H-6b’), 4.32 (m, 2H; H-4 &
H-5), 4.55 (m, 2H; H-6a & H-6b), 4.94 (d, J=7.3 Hz, 1H; H-1’), 5.38 (d,
J=10.2 Hz, 1H; H-3’), 5.54 (d, J=10.1 Hz, 1H; H-2), 5.72 (m, 2H; H-2’
& H-4’), 6.16 (t, J=9.9 Hz, 1H; H-3), 6.71 (d, J=3.6 Hz, 1H; H-1a),
7.19–8.03 (m, 35H; aromatic), 8.56 ppm (s, 1H; NH); 13C NMR (CDCl3):
d=61.39, 62.32, 67.90, 70.39, 70.70, 70.92, 71.54, 71.77, 71.81, 72.36, 72.48,
73.25, 73.47, 74.11, 74.42, 76.06, 91.09, 93.49, 101.60, 101.72, 128.69,
128.76, 128.86, 129.01, 129.13, 129.26, 129.80, 129.86, 129.98, 130.04,
130.08, 130.15, 130.17, 130.35, 130.39, 130.54, 131.06, 133.71, 133.82,
133.98, 134.28, 161.08, 165.28, 165.64, 165.89, 165.95, 166.16 ppm; MS
(FAB): m/z : calcd for C63H50Cl3NO18Na: 1236.20 [M+Na]+ ; found:
1236.22.


5-(Benzyloxycarbonylamino)pentyl 2,3,4,6-tetra-O-benzoyl-b-d-galacto-
pyranosyl-(1!4)-2,3,6-tri-O-benzoyl-d-glucopyranoside (4): A mixture of
trichloroacetimidate 3 (0.25 g, 0.21 mmol) and 5-(benzyloxycarbonylami-
no)pentanol (0.054 g, 0.23 mmol) in dry CH2Cl2 (5 mL) was stirred for
1 h under N2. It was then cooled to �10 8C, and neat TMSOTf (0.004 mL,
0.023 mmol) was added. After stirring for 0.5 h at �10 8C, the reaction
was terminated by addition of solid NaHCO3 (100 mg). The mixture was
diluted with CH2Cl2, washed with sat. aq NaHCO3, dried, and concentrat-
ed. Chromatography (EtOAc/petroleum ether 2:3) of the crude product
on silica gel afforded 4 (0.21 g, 80%) as a foamy solid. [a]18D =26.66 (c=


1.15 in CHCl3);
1H NMR (500 MHz, CDCl3): d=1.30–1.55 (m, 6H), 2.94


(m, 2H), 3.44–3.48 (m, 1H), 3.77–3.87 (m, 4H; H-6a’, H-6b’, H5, CH-
glycosyl), 3.95 (t, J=6.5 Hz, 1H; H-5’), 4.29 (t, J=9.5 Hz, 1H; H-4),
4.51–4.67 (m, 2H; H-6a, H-6b), 4.70 (d, J=8.0 Hz, 1H; H-1), 4.93 (d, J=


7.5 Hz, 1H; H-1’), 5.10 (s, 2H; CH2-Ph), 5.43 (dd, J=10.5, 3.5 Hz, 1H;
H-3’), 5.48 (dd, J=9.5, 8.0 Hz, 1H; H-2), 5.74–5.78 (m, 2H; H-2’, H-4’),
5.84 (t, J=9.5 Hz, 1H; H-3), 7.16–8.06 ppm (m, 40H; aromatic) [chemi-
cal shift assignments are made by 1H–1H COSY]; 13C NMR (125 MHz,
CDCl3): d =22.99, 28.89, 29.36, 29.69, 40.82, 61.17, 62.46, 66.49, 67.65,
69.89, 70.03, 71.49, 71.83, 71.94, 72.96, 73.12, 76.14, 101.01, 101.18, 128.04,
128.25, 128.40, 128.49, 128.52, 128.56, 128.59, 128.63, 128.71, 128.79,
128.94, 129.47, 129.51, 129.59, 129.63, 129.67, 129.70, 129.74, 130.00,
133.15, 133.24, 133.38, 133.52, 136.79, 156.30, 163.36, 164.85, 165.172,
165.25, 165.41, 165.45, 165.59, 165.87 ppm; MS (FAB): m/z : calcd for
C74H67NO20Na: 1312.42 [M+Na]+ ; found: 1312.57.


5-(Benzyloxycarbonylamino)pentyl b-d-galactopyranosyl-(1!4)-d-gluco-
pyranoside (5): NaOMe (0.04 mL, 0.17 mmol, 25% w/v) was added to a
solution of 4 (200 mg, 0.44 mmol) in MeOH (15 mL), and the solution
was heated at reflux for 3 h. After cooling, the reaction mixture was fil-
tered through acidic resin. The filtrate was concentrated, and the crude
product was washed with EtOAc in n-hexane (5%) to remove the by-
product, methyl benzoate. The washed product was dried under vacuum
and recrystallized from abs. EtOH to afford 5 as a white solid (88 mg,
97%). M.p. 180–182 8C (from EtOH); [a]18D =�4.77 (c=0.965 in H2O);
1H NMR (500 MHz, CD3OD): d=1.39–1.67 (m, 6H), 3.14 (t, J=7.0 Hz,
2H), 3.26 (t, J=8.5 Hz, 1H), 3.32 (m, 1H), 3.40–3.43 (m, 1H), 3.49–3.62
(m, 5H), 3.71–3.74 (m, 1H), 3.78–3.93 (m, 5H), 4.30 (d, J=8.0 Hz, 1H),
4.38 (d, J=8.0 Hz, 1H), 5.08 (s, 2H), 7.36 ppm (m, 5H; aromatic);
13C NMR (CD3OD): d=24.41, 30.51, 30.76, 41.87, 62.07, 62.64, 67.45,


70.46, 70.83, 72.72, 74.92, 74.98, 76.59, 76.63, 77.25, 80.78, 104.39, 105.25,
128.92, 129.08, 129.60 ppm; MS (FAB): m/z : calcd for C25H39NO13Na:
584.23 [M+Na]+ ; found: 584.40.


5-(Benzyloxycarbonylamino)pentyl 2,3,4,6-tetra-O-(6-Boc-aminohexano-
yl)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(6-Boc-aminohexanoyl)-d-glu-
copyranoside (6): A solution of 5 (60 mg, 0.10 mmol), N-Boc-6-amino-
hexanoic acid (494 mg, 2.13 mmol), EDC (408 mg, 2.13 mmol), and
DMAP (18.4 mg, 0.15 mmol) in DMF (6.5 mL) was stirred at RT for 48 h
under N2, diluted with EtOAc, and washed several times with sat.
NaHCO3, water, and then brine. The organic phase was dried and con-
centrated to give the crude product, which was purified by column chro-
matography on silica gel to afford 6 (180 mg, 82%) as a white, sticky
solid. 1H NMR (CDCl3): d=1.20–1.61 (m, 111H), 2.11–2.34 (m, 14H),
3.06–3.16 (m, 14H), 3.39 (m, 1H), 3.51 (m, 1H), 3.67–3.85 (m, 2H), 4.03
(m, 2H), 4.42 (m, 2H), 4.82 (m, 6H), 4.91 (dd, J=9.0, 3.0 Hz, 1H), 5.06
(s, 2H), 5.01–5.06 (m, 1H), 5.15 (t, J=9.3 Hz, 1H), 5.29–5.37 (m, 1H),
7.29–7.33 ppm (m, 5H); 13C NMR (CDCl3): d=23.41, 24.50, 24.62, 24.72,
24.80, 24.87, 24.99, 25.12, 26.61, 27.73, 28.82, 29.39, 29.93, 30.09, 33.89,
34.03, 34.14, 34.26, 34.37, 34.52, 40.74, 41.27, 66.75, 68.99, 69.34, 69.93,
70.09, 70.96, 71.20, 71.41, 71.82, 71.92, 72.14, 72.71, 72.82, 73.08, 73.49,
79.37, 100.93, 101.33, 102.28, 128.41, 128.46, 128.85, 137.10, 156.42, 156.86,
172.43, 172.48, 172.56, 172.65, 172.79, 172.94, 173.26, 173.42, 173.53 ppm;
MS (MALDI-TOF): m/z : calcd for C102H172N8NaO34: 2077.19 [M+Na]+ ;
found: 2077.26.


5-(Benzyloxycarbonylamino)pentyl 2,3,4,6-tetra-O-(8-Boc-aminooctano-
yl)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(8-Boc-aminooctanoyl)-d-glu-
copyranoside (7): This compound was prepared similarly to 6, from 5
(50 mg, 0.089 mmol), N-Boc-8-aminooctanoic acid (461 mg, 1.78 mmol),
EDC (341 mg, 1.78 mmol), and DMAP (16.3 mg, 0.133 mmol). Colorless,
sticky liquid (184 mg, 92%); 1H NMR (CDCl3): d=1.20–1.25 (m, 46H),
1.40 (m, 93H), 2.18–2.34 (m, 14H), 3.11 (m, 14H), 3.38–3.41 (m, 1H),
3.53 (m, 1H), 3.67–3.85 (m, 2H), 4.01–4.12 (m, 2H), 4.38–4.49 (m, 2H),
4.65 (m, 5H), 4.82 (t, J=9.0 Hz, 1H), 4.90 (dd, J=9.0, 3.0 Hz, 1H), 5.05
(s, 2H), 5.01–5.06 (m, 1H), 5.15 (t, J=9.0 Hz, 1H), 5.27–5.29 (m, 1H),
7.31 ppm (m, 5H); 13C NMR (CDCl3): d=23.41, 24.77, 25.06, 25.09,
25.15, 25.27, 27.01, 28.83, 29.37, 29.50, 29.98, 30.42, 34.20, 34.24, 34.30,
34.45, 40.95, 41.28, 60.77, 66.90, 69.32, 70.06, 71.12, 71.36, 71.81, 79.33,
101.01, 101.38, 128.42, 128.86, 137.11, 156.42, 156.85, 172.08, 178.53,
172.72, 172.92, 173.06, 173.35, 173.42 ppm; MS (MALDI-TOF): m/z :
calcd for C116H200N8O34Na: 2272.41 [M+Na]+ ; found: 2272.49.


5-(Benzyloxycarbonylamino)pentyl 2,3,4,6-tetra-O-(N,N’’-bis-Boc-N’’-
aminohexanoylguanidine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(N,N’’-
bis-Boc-N’’-aminohexanoylguanidine)-d-glucopyranoside (10): Com-
pound 6 (200 mg, 0.097 mmol) was added at 0 8C to a saturated HCl (gas)
solution of EtOAc (5 mL), and the solution was stirred for 3 h. The pre-
cipitate was separated and dried under vacuum to give compound 8 as a
white HCl salt (132 mg, quant.). This material was directly used in the
next step. 1H NMR (CD3OD): d=1.42–1.68 (m, 48H), 2.22–2.45 (m,
14H), 2.86–2.99 (m, 14H), 3.06–3.09 (m, 2H), 3.29–3.31 (m, 4H), 3.52–
3.77 (m, 4H), 4.07–4.15 (m, 2H), 4.40–4.85 (m, 6H), 5.06 (m, 3H), 5.17
(m, 2H), 5.37–5.41 (m, 1H), 7.34–7.38 ppm (m, 5H); 13C NMR
(CD3OD): d=23.22, 24.13, 24.21, 24.38, 24.48, 24.55, 24.74, 24.81, 25.91,
25.93, 26.11, 27.23, 27.29, 27.35, 29.12, 29.27, 29.53, 33.42, 33.55, 33.65,
33.85, 34.12, 39.62, 39.67, 40.74, 60.56, 60.92, 62.27, 66.31, 67.44, 67.71,
69.48, 69.71, 69.81, 70.64, 71.33, 71.49, 71.62, 72.05, 72.39, 72.79, 72.89,
73.20, 73.66, 76.59, 100.61, 100.87, 127.69, 127.99, 128.52, 137.50, 157.89,
171.99, 172.57, 172.65, 173.03, 173.39, 173.64 ppm; MS (MALDI-TOF):
m/z : calcd for C67H117N8O20: 1353.84; found: 1353.86 [M+H]+.


Et3N (0.28 mL, 1.96 mmol) and N,N’-di-Boc-N’’-trifluoromethanesulfonyl-
guanidine (767 mg, 1.96 mmol) were sequentially added to a solution of 8
(132 mg, 0.098 mmol) in dioxane/water (5:1, 6 mL). The reaction mixture
was stirred at RT for 3 days, concentrated, and diluted with EtOAc. The
organic layer was washed with NaHSO4 (1n), saturated NaHCO3, and
brine, dried, and concentrated to give the crude product, which was puri-
fied on neutral alumina to afford 10 (181 mg, 61%) as a white, foamy
solid. 1H NMR (CDCl3): d=1.25–1.67 (m, 174H), 2.12–2.39 (m, 14H),
3.15 (m, 1H), 3.38 (m, 15H), 3.51 (m, 2H), 3.68–3.83 (m, 3H), 4.01–4.04
(m, 3H), 4.41–4.48 (m, 3H), 4.82 (m, 1H), 4.93 (m, 1H), 5.02–5.05 (m,
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3H), 5.16 (m, 1H), 5.27–5.35 (m, 1H), 7.31 (m,5H), 8.27 (m, 7H),
11.47 ppm (m, 7H); 13C NMR (CDCl3): d=23.41, 23.53, 24.54, 24.66,
24.79, 24.88, 24.95, 25.09, 26.72, 26.81, 28.23, 28.47, 28.71, 29.19, 29.53,
29.97, 33.95, 34.05, 34.25, 34.34, 34.43, 41.13, 53.82, 69.36, 70.03, 70.95,
71.35, 72.04, 73.08, 79.54, 83.37, 101.16, 101.46, 102.21, 128.39, 128.86,
153.69, 156.49, 164.02, 171.88, 172.24, 172.45, 172.70, 173.84, 173.00,
173.18 ppm.


5-(Benzyloxycarbonylamino)pentyl 2,3,4,6-tetra-O-(N,N’’-bis-Boc-N’’-
aminooctanoylguanidine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(N,N’’-
bis-Boc-N’’-aminooctanoylguanidine)-d-glucopyranoside (11): Compound
9 was prepared similarly to compound 8, from 7 (200 mg, 0.089 mmol)
and a saturated HCl (gas) solution in EtOAc (5 mL) at 0 8C. White HCl
salt (137 mg, quant.); 1H NMR (CD3OD): d=1.36–1.64 (m, 76H), 2.16–
2.39 (m, 14H), 2.90 (m, 14H), 3.05–3.07 (m, 2H), 3.20–3.29 (m, 2H), 3.51
(m, 2H), 3.78 (m, 2H), 4.04–4.11 (m, 2H), 4.37–4.59 (m, 2H), 4.65–4.72
(m, 2H), 4.98–5.18 (m, 5H), 5.33–5.38 (m, 1H), 7.32 ppm (m, 5H);
13C NMR (CD3OD): d=23.34, 24.71, 25.10, 25.28, 26.56, 26.63, 27.73,
27.80, 29.08, 29.25, 29.43, 29.66, 34.29, 34.45, 34.59, 40.26, 40.40, 40.84,
60.56, 61.53, 66.39, 67.55, 69.64, 70.19, 71.16, 71.85, 71.99, 73.13, 76.77,
101.01, 101.22, 127.74, 128.02, 128.57, 137.49, 157.89, 172.76, 172.82,
173.19, 173.53, 173.85 ppm; MS (MALDI-TOF): m/z : calcd for
C81H145N8O20: 1550.06; found: 1550.05 [M+H]+ .


Compound 11 was prepared similarly to compound 10, from 9 (166 mg,
0.107 mmol), N,N’-di-Boc-N’’-trifluoromethanesulfonylguanidine
(838.2 mg, 2.14 mmol), and Et3N (0.3 mL, 2.14 mmol). White, foamy solid
(253 mg, 73%); 1H NMR (CDCl3): d =1.28–1.50 (m, 202H), 2.09–2.32
(m, 14H), 3.11–3.13 (m, 2H), 3.35 (m, 15H), 3.53 (m, 1H), 3.67–3.82 (m,
3H), 4.02 (m, 3H), 4.40–4.48 (m, 3H), 4.80–4.92 (m, 2H), 5.01–5.04 (m,
3H), 5.16 (t, J=9.0 Hz, 1H), 5.27–5.29 (m, 1H), 7.31 (m, 5H), 8.26 (m,
7H), 11.45 ppm (m, 7H); 13C NMR (CDCl3): d=23.41, 24.79, 25.06,
25.18, 25.23, 25.27, 27.15, 28.22, 28.37, 28.47, 28.70, 29.38, 29.99, 34.20,
34.29, 34.49, 41.32, 53.82, 60.77, 62.15, 66.84, 66.85, 69.25, 70.00, 71.12,
71.15, 71.83, 72.75, 73.00, 79.58, 83.38, 100.98, 101.00, 128.39, 128.86,
137.14, 153.69, 156.49, 164.02, 172.06, 172.48, 172.72, 172.90, 173.05,
173.26, 173.42 ppm.


5-Aminopentyl 2,3,4,6-tetra-O-(N,N’’-bis-Boc-N’’-aminohexanoylguani-
dine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(N,N’’-bis-Boc-N’’-amino-
hexanoyl guanidine)-d-glucopyranoside (12): A solution of 10 (400 mg,
0.131 mmol) in a mixed solvent (CH2Cl2/MeOH 1:9, 30 mL) was hydro-
genated (35 psi) over Pd/C (10%, 100 mg) at RT. After 3.5 h, the catalyst
was filtered and the filtrate was concentrated to give 12 (270 mg, quant.)
as an off-white, foamy solid. 1H NMR (CDCl3): d =1.24–1.69 (m, 174H),
2.15–2.43 (m, 16H), 2.95–2.99 (m, 2H), 3.36–3.48 (m, 16H), 3.52–3.53 (m,
1H), 3.71–3.80 (m, 2H), 3.97–4.11 (m, 3H), 4.34–4.55 (m, 2H), 4.80–4.86
(m, 1H), 4.91–5.06 (m, 1H), 5.17–5.21 (m, 1H), 5.30–5.37 (m, 1H), 8.30–
8.41 (m, 9H), 11.48 ppm (m, 7H); 13C NMR (CDCl3): d =23.10, 24.12,
24.22, 24.32, 24.39, 24.52, 24.64, 26.25, 26.36, 27.89, 28.05, 28.28, 28.76,
31.20, 33.48, 33.78, 40.67, 61.16, 62.07, 66.53, 69.34, 70.56, 71.36, 71.80,
72.51, 72.90, 79.16, 79.93, 83.00, 100.62, 153.25, 156.07, 163.59, 171.92,
172.17, 172.28, 172.58, 172.84, 173.09 ppm.


5-Aminopentyl 2,3,4,6-tetra-O-(N,N’’-bis-Boc-N’’-aminooctanoylguani-
dine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(N,N’’-bis-Boc-N’’-aminooc-
tanoylguanidine)-d-glucopyranoside (13): Compound 13 was prepared
similarly to compound 12, from 11 (220 mg, 0.067 mmol). White, foamy
solid (190 mg, 90%); 1H NMR (CDCl3): d=1.30–1.54 (m, 202H), 2.11–
2.37 (m, 16H), 2.92–3.04 (m, 2H), 3.34–3.38 (m, 16H), 3.52 (m, 2H),
3.69–3.85 (m, 2H), 3.98–4.10 (m, 3H), 4.35–4.55 (m, 3H), 4.80–4.86 (m,
1H), 4.91–5.06 (m, 1H), 5.17 (m, 1H), 5.31–5.39 (m, 1H), 8.29 (m, 9H),
11.35 ppm (m, 7H); 13C NMR (CDCl3): d=23.48, 24.79, 25.05, 25.17,
25.29, 26.99, 27.12, 28.18, 28.36, 28.45, 28.68, 29.36, 30.07, 34.19, 34.28,
34.50, 41.43, 60.75, 62.14, 66.67, 69.30, 69.70, 71.06, 71.32, 71.85, 72.67,
73.21, 79.68, 79.88, 83.41, 100.45, 153.65, 156.42, 163.82, 172.02, 172.68,
172.89, 173.05, 173.25, 173.60 ppm.


5-Amino-(fluoresceinyl-5-thioureido)-pentyl 2,3,4,6-tetra-O-(N,N’’-bis-
Boc-N’’-aminohexanoyl guanidine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-
O-(N,N’’-bis-Boc-N’’-aminohexanoylguanidine)-d-glucopyranoside (14):
Fluorescein 5-isothiocyanate (11.67 mg, 0.03 mmol) and triethylamine
(10 mL, 0.07 mmol) were added to a solution of 12 (80 mg, 0.027 mmol)


in a mixed solvent (THF and abs. ethanol 2:4, 6 mL). The reaction mix-
ture was stirred in the dark for 24 h at RT and concentrated. The crude
product was purified on silica gel to afford 14 (57 mg, 63%) as a light
greenish-yellow, sticky mass. 1H NMR (CDCl3): d =1.24–1.52 (m, 174H),
2.13–2.35 (m, 16H), 3.34–3.36 (m, 16H), 3.46–3.51 (m, 2H), 3.69–3.87 (m,
2H), 3.92–4.07 (m, 3H), 4.25–4.46 (m, 2H), 4.75–4.95 (m, 3H), 5.10–5.16
(m, 1H), 5.24–5.27 (m, 1H), 6.54–6.73 (m, 5H), 7.16–7.19 (m, 1H), 7.85
(m, 1H), 8.30–8.34 (m, 8H), 11.47 ppm (m, 7H); 13C NMR (CDCl3): d=


24.35, 24.47, 24.56, 24.78, 25.03, 25.94, 26.46, 26.58, 26.74, 28.41, 28.51,
28.60, 29.13, 30.03, 33.85, 34.18, 34.43, 34.55, 41.10, 41.20, 44.90, 45.12,
68.30, 71.20, 71.41, 79.58, 79.64, 79.73, 79.90, 79.95, 83.38, 83.47, 83.57,
83.70, 100.58, 102.06, 103.55, 126.24, 129.37, 153.20, 153.60, 156.48, 156.58,
163.73, 163.79, 163.89, 172.43, 172.59, 172.74, 173.34, 173.45, 177.10,
181.38 ppm.


5-Amino-(fluoresceinyl-5-thioureido)pentyl 2,3,4,6-tetra-O-(N,N’’-bis-
Boc-N’’-aminooctanoylguanidine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-
O–(N,N’’-bis-Boc-N’’-aminooctanoylguanidine)-d-glucopyranoside (15):
Compound 15 was prepared similarly to compound 14, from 12 (190 mg,
0.061 mmol). Light greenish-yellow, sticky mass (134 mg, 63%); 1H NMR
(CDCl3): d=1.24–1.52 (m, 202H), 2.15–2.35 (m, 16H), 3.34–3.36 (m,
16H), 3.48–3.54 (m, 2H), 3.69–3.87 (m, 2H), 4.02–4.07 (m, 3H), 4.41–
4.46 (m, 2H), 4.81–4.94 (m, 2H), 5.00–5.04 (m, 1H), 5.16 (m, 1H), 5.29
(m, 1H), 6.57–6.77 (m, 5H), 7.10 (m, 1H), 7.96 (m, 1H), 8.32–8.34 (m,
8H), 11.41 ppm (m, 7H); 13C NMR (CDCl3): d=23.34, 24.71, 25.10,
25.28, 26.56, 26.63, 27.73, 27.80, 29.08, 29.25, 29.43, 29.66, 34.29, 34.45,
34.59, 40.26, 40.40, 40.84, 60.56, 61.53, 66.39, 67.55, 69.64, 70.19, 71.16,
71.85, 71.99, 73.13, 76.77, 101.01, 101.22, 127.74, 128.02, 128.57, 137.49,
157.89, 172.76, 172.82, 173.19, 173.53, 173.85 ppm.


5-Amino-(fluoresceinyl-5-thioureido)-pentyl 2,3,4,6-tetra-O-(6-aminohex-
anoylguanidine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(6-aminohexa-
noylguanidine)-d-glucopyranoside·7HCl (16): HCl(g)-saturated EtOAc
(4 mL) was added at RT to a solution of 14 (30 mg, 0.009 mmol) in
EtOAc (1 mL). After stirring for 24 h, the solution was concentrated, and
the residue was washed with a mixture of diethyl ether and MeOH (20:1)
to remove less polar impurities. The residue was dried and purified by
MPLC on reversed-phase C-8 silica gel (H2O/CH3CN 1:1 to 1:2 with
0.1% TFA). The purified product was dissolved in deionized water, fil-
tered through a PTGE syringe filter, and lyophilized to give 16 (13.7 mg,
70%) as a light greenish-yellow, foamy solid (HCl salt). Analytical
HPLC (ZORBAX SB-C8): tR=3.2 min [flow rate: 1 mLmin�1; UV: l=


220 nm; CH3CN (0.1%TFA)/H2O (0.1%TFA) 40:60, purity 98+%];
1H NMR (500 MHz, CD3OD): d =1.42–1.49 (m, 16H), 1.63–1.71 (m,
32H), 2.24–2.27 (m, 2H), 2.37–2.50 (m, 14H), 3.21 (m, 16H), 3.60–3.72
(m, 2H), 3.78 (m, 1H), 3.85–3.88 (m, 1H), 4.12–4.32 (m, 4H), 4.46–4.59
(m, 1H), 4.70–4.78 (m, 1H), 4.88–5.06 (m, 1H), 5.15–5.24 (m, 2H), 5.40–
5.44 (m, 1H), 6.77–6.97 (m, 6H), 7.25–7.26 (m, 1H), 7.86 (m, 1H),
8.37 ppm (m, 1H); UV (H2O): lmax (e)=481 nm (17066 mol�1 m3cm�1);
MS (MALDI-TOF): m/z : calcd for C87H136N23O23S: 1902.99 [M+H]+ ;
found: 1903.01.


5-Amino-(fluoresceinyl-5-thioureido)-pentyl 2,3,4,6-tetra-O-(8-aminooc-
tanoylguanidine)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-(8-aminoocta-
noylguanidine)-d-glucopyranoside·7HCl (17): Compound 17 was pre-
pared similarly to compound 16, from 15 (27.5 mg, 0.008 mmol) and HCl-
saturated (gas) EtOAc (4 mL) at RT for 24 h. Light greenish-yellow,
foamy solid (HCl salt, 14.7 mg, 73%). Analytical HPLC ((ZORBAX SB-
C8): tR=3.6 min [flow rate: 1 mLmin�1; UV: l =220 nm; CH3CN (0.1%
TFA)/H2O (0.1% TFA) 40:60, purity 95+%]; 1H NMR (500 MHz,
CD3OD): d=1.39–1.42 (m, 44H), 1.62–1.73 (m, 32H), 2.19–2.23 (m, 2H),
2.34–2.44 (m, 14H), 3.19–3.24 (m, 16H), 3.60–3.65 (m, 2H), 3.77 (m,
1H), 3.85–3.87 (m, 1H), 4.12–4.17 (m, 4H), 4.44–4.46 (m, 1H), 4.55–4.68
(m, 1H), 5.02–5.05 (m, 1H), 5.13–5.25 (m, 2H), 5.38 (m, 1H), 6.75–7.09
(m, 6H), 7.27–7.29 (m, 1H), 7.93–7.94 (m, 1H), 8.45 ppm (m, 1H); UV
(H2O): lmax (e)=482 nm (21000 mol�1 m3cm�1); MS (MALDI-TOF):
m/z : calcd for C101H164N23O23S: 2099.21 [M+H]+ ; found: 2099.14.


Bioassays


Cell culture : Human cervical cancer-derived HeLa cells were cultured as
exponentially growing subconfluent monolayers on 100 mm dishes in
Dulbecco)s modified Eagle)s medium (DMEM) supplanted with fetal
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bovine serum (10% v/v) without antibiotics. A subculture was performed
every 3–4 days. They were plated on poly-d-lysine-coated 18 mm glass
coverslips.


Cell labeling and fluorescence microscopy imaging : HeLa cells were
plated on poly-d-lysine-coated 18 mm glass cover slips and cultured for
48 h. After removal of the medium, the cells were washed twice with
PBS. The cells were incubated with each compound (1 mm of 16, 1 mm of
17) and the mitochondria marker (50 nm Mito-tracker Red 580), lyso-
some marker (50 nm Lyso-tracker Red DND99), and endocytic vesicle
marker (2020 gmL�1 transferring-TxRed) in serum-free DMEM at 37 8C
for 1 h. After incubation, the cells were washed with PBS.


Images were obtained with an Olympus IX-71 inverted microscope
(Olympus Optical, Tokyo, Japan) with a 40R , 1.0 N.A. oil lens and a
CoolSNAP-Hq CCD camera (Roper Scientific, Tucson, AZ) driven by
MetaMorph imaging software (Universal Imaging Corporation, West
Chester, PA) with a FITC and Tx-Red optimized filter set (Omega Opti-
cal, Brattleboro, VT). Light from a mercury lamp was shuttered with a
VMM1 Uniblitz shutter (Vincent Associates, Rochester, NY). Analysis
and quantification of data were performed with MetaMorph software.


Flow cytometry : 5R104 HeLa cells were plated into 12-well culture plate
(SPL, Korea) and cultured for 48 h. After removal of the medium, the
cells were incubated with compounds 16 and 17 in serum-free DMEM.
After incubation, the cells were washed three times with PBS, and were
then incubated with trypsin (0.02%, 500 mL) for 1 min at 37 8C. After ad-
dition of PBS (1 mL), the cells were centrifuged at 3000 rpm for 2 min.
The cell pellet was resuspended and washed twice with PBS (1 mL), and
finally resuspended in PBS (1 mL) for fluorescence analysis with an
Epics-XL (Becktone Culter) flow cytometer, 488 nm laser excitation, and
a 515–545 nm emission filter. Each sample was analyzed 5000 eventsR3
times. Analysis of data was performed with SigmaPlot 8.0 (Systat Soft-
ware, Point Richmond, CA), and data were presented as means � SEs.
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Introduction


Hydrogen-transfer reactions have emerged as important
transformations in organic synthesis over the past two de-
cades.[1] The use of chiral ligands in these reactions have led
to useful enantioselective transfer hydrogenations.[1b,2,3]


Many of the transition-metal catalysts used for these trans-
fer hydrogenations have also found applications in enantio-
selective hydrogenation of ketones by H2.


[1c,4] These catalysts
are often so-called metal–ligand bifunctional catalysts, which
transfer hydrogen fast to aldehydes, ketones, and imines. In
the hydrogen transfer from these catalysts to a ketone or an
imine a hydrogen on the metal adds as a hydride (to
carbon) and a hydrogen on the ligand adds as a proton (to
the heteroatom).[5] One frequently used metal–ligand bifunc-
tional catalyst is the so-called Shvo catalyst (1),[6] which has
found applications in hydrogen-transfer reactions[7] and has
served as a racemization catalyst in enzyme-based dynamic
kinetic resolution.[8] The Shvo catalyst 1 dissociates into 2
and A in solution at elevated temperature.
The mechanism of the reduction of aldehydes and ketones


by hydride 2 as well as the dehydrogenation of alcohols by
complex A has been studied.[9,10] In both cases the measured


deuterium isotope effects show that the reactions are con-
certed. In the hydrogenation the OH proton and Ru hydride
of 2 are transferred from the catalyst to the substrate at the
same time and in the dehydrogenation the O-H and C-H hy-
drogens of the alcohol are simultaneously transferred to the
oxygen and the Ru center of A, respectively. These results
are best explained by an outer-sphere hydrogen transfer
without coordination of the substrate but do not completely
rule out coordination followed by concerted transfer of the
two hydrogens. However, in the ketone reduction the inner-
sphere pathway would require a h5!h3 ring slip induced by
coordination, which seems less likely. For the reversed reac-
tion, dehydrogenation of the alcohol, coordination of the al-
cohol most likely occurs in A but the subsequent b-elimina-
tion would require a h5!h3 ring slip.
For the corresponding reduction of imines by Ru hydride


2 and dehydrogenation of amines to imines by coordinative-
ly unsaturated A, the question concerning outer-sphere
versus inner-sphere hydrogen transfer is still controver-
sial.[11,12] There is a consensus that the imine/amine reactions
are different from the corresponding ketone/alcohol reac-
tions. For the former type of reactions a stepwise hydrogen
transfer occurs depending on the amine/imine employed.[13]


Abstract: No solvent cage effect could
be found in the reduction of 4-amino-
cyclohexanone 3 by Shvo7s hydroxycy-
clopentadienyl ruthenium hydride 2.
No preference was observed in the
complex formation from trapping by
aminoalcohol product 4 over external
trapping by aminoketone 3 or by Shvo
hydride 2. A solvent cage effect has


previously been proposed to support
an outer-sphere mechanism in the re-
duction of imines by 2 ; this was based
on the observation that there was
>90% preference for complexation of


the newly formed amine over an exter-
nal amine. Since alcohols form stronger
hydrogen bonds than amines a larger
cage effect would be expected in the
present study. The lack of a cage effect
in the present reduction suggests that
the previous results from imine reduc-
tion require an additional explanation
(other than a solvent cage effect).
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In stoichiometric reduction of imines to amines a complex
with the coordinated amine product is formed. In the outer-
sphere mechanism it was suggested that after delivery of the
two hydrogens to the imine, the amine formed would com-
bine with Ru species A, while in the inner-sphere pathway
the nitrogen is coordinated to ruthenium throughout the re-
action. One of the first attempts to distinguish between
these two pathways was to use an added amine as an exter-
nal trap. The imine was reduced by Ru hydride 2 in the
presence of the added amine since competition between
newly formed amine and added amine trap is expect-
ed.[11a,12–14] The failure of the added external amine to form
a ruthenium amine complex supports an inner-sphere path-
way and would seem to rule out the outer-sphere pathway.
However, a solvent cage effect was proposed for the outer-
sphere pathway to account for these results.[11,13] In the
latter mechanism the newly
formed amine would only
slowly dissociate out of the
cage and subsequent coordina-
tion to the metal would be
faster than dissociation.
In the present study we have


investigated a possible cage
effect in the reduction of 4-ami-
nocyclohexanone by Ru hy-
dride 2. This reduction leads to
the ruthenium amine complex
of 4-aminocyclohexanol. If the
reduced amino alcohol stays in
the solvent cage, trapping by an
external amine trap would be slow and the amine complex
of 4-aminocyclohexanol would predominate. If there were
no cage effect, there would be competition between the ex-
ternal amine trap and 4-aminocyclohexanol. Our experi-
ments show that there is no measurable cage effect in the
reduction of 4-aminocyclohexanone by 2.


Results


In our studies on a possible solvent cage effect in hydroge-
nation with 2 we used 4-benzylaminocyclohexanone (3) as
the substrate. Reaction of this ketoamine would produce 4-
(benzylamino)cyclohexanol (4), which after coordination to
the 16-electron complex A would give Ru amine complex 5.
This substrate was chosen since the alcohol moiety does not
form a stable coordination complex with Ru[15] and there-
fore failure of trapping by an external amine in this case
would occur only because of a cage effect. With a large cage
effect only Ru amine complex 5 would form and neither N-
cyclohexylbenzylamine nor unreacted 3 would coordinate to
ruthenium. Initially we used N-cyclohexylbenzylamine as an
added amine trap and preliminary experiments showed that
amine trapping products 6 and 7 were formed together with
Ru amine complex 5 (Scheme 1).
Unfortunately, ruthenium amine complex 6 overlaps with


one of the isomers of ruthenium amine complex 5 (the cis


isomer) in the 1H NMR spectrum, which made an accurate
analysis difficult. We therefore decided to use only the un-
reacted aminoketone 3 as the external amine trap
(Scheme 2).


Reaction of hydride 2 with aminoketone 3 in CD2Cl2 at
�20 8C was monitored by 1H NMR spectroscopy. Equimolar
amounts of ruthenium hydride 2 and aminoketone 3 as solu-
tions in CD2Cl2 were added to an NMR tube at �196 8C.
The components were not mixed at this temperature. The
NMR tube was then transferred to the �20 8C pre-cooled
probe of the NMR spectrometer and 1H NMR spectra were
run continuously.
In the reduction of ketones with hydride 2 the 16-electron


complex A is formed, which in the absence of nucleophiles
combines with ruthenium hydride 2 to give Shvo dimer 1.
(cf. Scheme 3). However, in the reaction in Scheme 3 com-
plex A can also react with the amine function in the reduced
amino alcohol as well as with the amine function of the ke-
toamine.
Thus the 16-electron complex (A) formed in the hydrogen


transfer from 2 to the ketone can produce three different
products (of which the ratio will depend on the magnitude
of the cage effect): i) Shvo dimer 1, ii) amino alcohol com-
plex 5, and iii) ketoamine complex 7. The second product,
amino alcohol complex 5, is formed as a cis/trans mixture.
The formation of all these products as well as the disappear-
ance of hydride 2 was monitored by 1H NMR spectroscopy
and the results are given in Figure 1.
The NMR analysis in Figure 1 shows that all three prod-


ucts 7, 5, and Shvo dimer 1 are formed in the reaction. From


Scheme 1.


Scheme 2.
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Figure 1 one can see that after a while about half of the un-
saturated complex A generated is quenched by hydride 2 to
give dimer 1, and that the other half of A has reacted with
the amine compounds to give amine complexes 5 and 7. It is
obvious from Figure 1 that there is not a strong cage effect.
With a strong cage effect complex 5 would have predomi-
nated and no Shvo dimer 1 would have been formed. One
could argue that the trapping of A by hydride 2 is much
more efficient than the reaction of hydride 2 with the newly
formed amino alcohol 5. However, a control experiment
showed that A reacts with N-cyclohexylbenzylamine and hy-
dride 2 with comparable rates.[17] Also the fact that complex
7 is the predominant amine complex supports the absence
of a large cage effect. With a large cage effect the ratio 5/7
would have been @1. As can be seen from Figure 1 keto-
amine complex 7 predominates over 5 at the early stage of
the reaction, but after a while a larger proportion of amino


alcohol complex 5 is formed.
From the ratio 5(cis+trans)/7 it
is obvious that there cannot be
any significant cage effect. In
an attempt to quantify a possi-
ble small cage effect we calcu-
lated the expected ratio 5(cis+
trans)/7[18] (assuming that there
is no cage effect) and compared
it with the observed ratio
5(cis+trans)/7 (Figure 2). Fig-
ure 2a shows that the observed
ratio was slightly larger than
the calculated ratio and this
would seem to indicate that
there is a small cage effect of
about 1.2–1.7. However, in the


calculations of the ratio 5(cis+trans)/7 we have assumed
that ketoamine complex 7 is stable and therefore not re-
duced to amino alcohol complex 5 by 2. A control experi-
ment, however, showed that this assumption is not cor-
rect.[19] Thus, when cyclohexanone and ketoamine complex 5
in a 1:1 ratio was allowed to react with hydride 2 they were
reduced with approximately the same rate. The predicted
ratio 5(cis+trans)/7 from a non-cage-effect scenario as well
as the actual ratio 5(cis+trans)/7 were therefore corrected
for the transformation of 7 ! 5 during the reaction.[20] The
expected ratio 5(cis+trans)/7 corrected for the reduction of
7 ! 5 and the observed ratio 5(cis+trans)/7 are given in Fig-
ure 2b. As can be seen from Figure 2b the calculated ratio
assuming no cage effect and the observed ratio are very sim-
ilar. From these data we conclude that there is no measura-
ble cage effect in the hydrogen transfer from hydride 2 to
ketoamine 3.


Scheme 3.


Figure 1. Relative concentration of Ru species over time in the reaction between Ru hydride 2 and aminoke-
tone 3 according to 1H NMR.[16] Ru-hydride 2 (0.074 mmol) and aminoketone 3 (0.074 mmol) in CD2Cl2 were
mixed at �196 8C and heated to �20 8C. The reaction was followed by 1H NMR at �20 8C.
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Discussion


It has been proposed that there is a strong cage effect in hy-
drogenation of imines by 2’,
where the amine does not
easily dissociate out from the
cage. This strong cage effect
was explained by a hydrogen
bonded intermediate D, in
which there is a hydrogen bond
between the newly formed
amine and the keto group of
complex A’. Breakage of the
hydrogen bond would give the
cage complex E.
It was argued that coordina-


tion of the amine to give an
amine complex was faster than
diffusion of the amine from the
cage E. This would explain why
an external amine does not
compete with the coordination
site at ruthenium.[11a,12–14] Also,
it was proposed that when
there is another amine function
present in cage bound amine,
for example, as in F and G, the
diamine stays in the cage
(Scheme 4, path a). As a conse-
quence both amine complexes
would form due to approxi-


mately equal probability of the two amines to coordinate to
ruthenium.
Hydrogenation of imine 8 by 2’, as previously reported by


Casey,[11a] afforded a 1:1 mixture of 9 and 10, which would
seem to support the cage hypothesis (Scheme 4, path a). An-
other explanation for the observed results, proposed by
us,[12] is that the reaction occurs via an inner-sphere pathway
to give a h2-amine complex, which could undergo intramo-
lecular nitrogen exchange via the benzene ring (Scheme 4,
path b). This was supported by experiments with an analo-
gous intramolecular amine trap with a cyclohexane linker
instead of the benzene linker, which gave only the amine
complex of the newly formed amine.[12] Casey has recently
shown that in the reduction of imines with some intramolec-
ular amine traps by 2’ a small amount (�10%) of the
amine complex from the trap amine was formed.[11b] This
was inferred as support for an outer-sphere pathway.[11b]


The results from the present study seem to be incompati-
ble with the outer-sphere pathway. According to the cage
hypothesis a hydrogen-bonded intermediate B would be


Figure 2. a) Actual (&) and expected (*) ratio between Ru-amine com-
plexes 5 and 7. b) Corrected actual (&) and expected (*) ratio between
Ru-amine complexes 5 and 7.


Scheme 4.
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formed in the reduction of aminoketone 3 by 2. Intermedi-
ate B would be in equilibrium with C.
It is known that alcohols form much stronger hydrogen


bonds than amines.[21] Intermediate B would therefore show
much stronger effect in keeping the hydrogen-bonded mole-
cule in the cage than any of the amine analogues D and F. If
there were a strong cage effect as hypothesized by
Casey,[11,13] it is remarkable that there is no observable cage
effect with intermediate C, which should be formed in the
reduction of ketone 3 by Ru hydride 2 after the hydrogen
bond is broken.
An alternative interpretation of the results, suggested by


one of the referees, is that because of the strong hydrogen
bond of the alcohol in B, trapping of A by ketoamine 3, free
amino alcohol 4 (from outside the cage) and Shvo hydride 2
(to give 1) could occur while 4 is still hydrogen-bonded. We
do not see how trapping of A by Shvo hydride 2 could take
place in the hydrogen-bonded complex B since this trapping
requires binding to the carbonyl oxygen of the cyclopenta-
dienyl ring. We consider this alternative mechanism less
likely and favor breaking of the hydrogen bond to give
“cage complex” C in line with previously proposed pathways
in the outer-sphere mechanism.[11]


Conclusion


Our results show that there is no measurable cage effect in
the reduction of 4-aminocyclohexanone 3 by Ru hydride 2.
If there were a cage effect, it would be expected to be larger
in ketone reduction than imine reduction, since alcohols
form stronger hydrogen bonds than amines.[21] Therefore,
the failure to observe ruthenium–amine complexes from ex-
ternally added amine traps in the reduction of imines[11a,12]


can not simply be explained by a cage effect.


Experimental Section


All reactions were performed under dry argon atmosphere in flame-dried
glassware. 1H and 13C NMR spectra were recorded at 400 or 500 MHz
and at 150 MHz, respectively. Chemical shifts (d) are reported in ppm,
using the residual solvent peak in CD2Cl2 (dH 5.32 and dC 54.00) or in
CDCl3 (dH 7.26) as internal standard. Coupling constants (J) are given in
Hz. Ru-dimer 1,[9] Ru hydride 2,[12] and 4-(benzylamino)cyclohexanone
(3)[9] were prepared according to literature procedures. Spectral data
were in accordance with the literature.


Reduction of 4-(benzylamino)cyclohexanone (3) by Ru-hydride 2 : A so-
lution of Ru-hydride 2 (0.25 mL, 0.15m in CD2Cl2, 0.037 mmol) was
added via a syringe into an NMR tube under argon atmosphere. After
three freeze–pump–thaw cycles the reaction mixture was frozen to
�196 8C. Aminoketone 3 (0.10 mL, 0.74m, 0.074 mmol) in CD2Cl2 was
added via a cannula to the frozen mixture to ensure that the components
did not mix. Additionally Ru-hydride 2 (0.25 mL, 0.15m in CD2Cl2,
0.037 mmol) was carefully added in the same way (while frozen). The
NMR tube was transferred into the spectrometer which had been pre-
cooled to �20 8C and t0 was set when the sample was inserted. At this
time and temperature the sample was still frozen (i.e., no field signal
could be observed even though the spectrometer indicated that the
sample was “down”). Within one minute the reaction mixture started to


thaw. After locking and shimming, the reaction was followed by integra-
tion of the peaks at d 0.55, 0.19, 0.00, �9.70 and �17.42 ppm correspond-
ing to Ru-amine complexes 7, trans-5, cis-5, Ru-hydride 2 and Ru-dimer
1, respectively.
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the corresponding amine. The concentrations [3] and [4] could not
be obtained directly by integration in the NMR spectrum due to
overlapping peaks. Instead they were obtained indirectly by calcula-


tions (see Supporting Information for details).
½5�
½7�=


Rt¼x


t¼0


½4�
½3�=dt (1)


[19] A graph for reduction of ketoamine complex 7 by Ru hydride 2 is
given in the Supporting Information.


[20] Since the rate of reduction of ketoamine 3 (d[3]/dt) and ketoamine
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mined in each point, which afforded d[7]/dt (d[7]/dt �d[3]/dt). [7]
was corrected by addition of this amount and [5] was corrected by


subtraction of the difference between measured [7] and corrected
[7] in each point. New actual and expected ratio 5/7 were then calcu-
lated (see Supporting Information for details).
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Mechanism of the Palladium-Catalyzed Carbohydroxylation of Allene-
Substituted Conjugated Dienes: Rationalization of the Recently Observed
Nucleophilic Attack by Water on a (p-Allyl)palladium Intermediate


Erik A. Karlsson and Jan-E. B4ckvall*[a]


Introduction


Water is an environmentally friendly solvent of low cost,
and recently organic reactions in water have attracted con-
siderable interest.[1] Transition-metal-catalyzed reactions in
water have emerged as a viable alternative to reactions in
traditional organic solvents.[1a,2] In particular, various palla-
dium-catalyzed reactions in water have been reported in the
literature.[3–6] In most of these reactions water serves only as
the solvent and does not participate in the reaction. Water is
such a poor nucleophile that nucleophilic attack by water on
coordinated unsaturated hydrocarbons is rare. One excep-
tion is the Wacker oxidation in which external trans attack
by water on coordinated olefins has been demonstrated.[7]


However, nucleophilic attack by water on (p-allyl)palladium
complexes is very unfavored[8] and has been unprecedented
for practical use until recently when we reported one such
example.[9] We found that an unusually selective and fast
water attack on a (p-allyl)palladium intermediate occurs in
a palladium-catalyzed oxidative carbocyclization of allene-
substituted conjugated dienes. In the present study we have


carried out DFT calculations on this reaction, which con-
firms the high reactivity of this (p-allyl)palladium complex.


Results and Discussion


In the previously reported palladium-catalyzed carbohy-
droxylation of allene-substituted conjugated dienes,[9]


allene–diene 1 reacts with water in the presence of p-benzo-
quinone (Q) and catalytic amounts of a PdII salt to give
product 2 [Eq. (1)]. The proposed mechanism of the reac-
tion is shown in Scheme 1.


Coordination of allene–diene 1 to PdII (complex A) fol-
lowed by nucleophilic attack by the allene on the metal and
transfer of a proton from one of the methyl groups to the
TFA ligand produces intermediate B. Exchange of TFA for
water produces the vinyl–palladium complex C, which un-
dergoes insertion of the diene double bond into the Pd�
vinyl bond. This generates a s-allyl palladium complex D
which then isomerizes, via the intermediate E where the car-
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bonyl oxygen coordinates to Pd, forming the endo (p-allyl)-
palladium intermediate F. One of the water ligands is then
exchanged for benzoquinone forming complex G. A possible
explanation for the high reactivity of (p-allyl)palladium
complex G is that the terminal double bond coordinates to
palladium, which would lead to displacement of water and
formation of a more electrophilic cationic complex H.
Water attack on the p-allyl complex H from the exo face
would produce I, which after decoordination releases the
product 2.
In the present investigation we have carried out density


functional theory (DFT) calculations to elucidate the reac-
tion pathway for the palladium-catalyzed carbohydroxyla-
tion of allene-substituted conjugated dienes and to find out
whether H is a reasonable intermediate. All stable inter-
mediates in the proposed mechanism above were optimized
using DFT calculations (B3LYP/lacvp**) in the gas phase.
The optimized gas-phase structures were then used for sol-
vent calculations using Poisson–Boltzman self-consistent re-
action field (PBF).[10] In the experimental work[9] mixtures
of THF and water in different ratios were used. We there-
fore decided to calculate solution energies for both water
and THF.
The calculated structure of the initial complex A is shown


in Figure 1. From the structure one can see that the allene
unit is bent with an angle of 1538 (cf. 1788 in the free


allene). The double bond coor-
dinating to Pd is also elongated
and there is a short bond of
2.15 I between Pd and the cen-
tral carbon of the allene.
The transition state of the nu-


cleophilic attack on Pd by the
allene (TSA–B) was found and is
shown in Figure 2. The energy
is 8.8 kcalmol�1 above the
ground state A. In this transi-
tion state a proton is trans-
ferred from the methyl group
to the TFA ligand and the cen-
tral carbon of the allene binds
to Pd forming the vinyl palladi-
um complex B (Figure 3). The
trifluoroacetic acid ligand is
then exchanged for water form-
ing a more stable vinyl palladi-
um complex C (Figure 4).
The next step is a migratory


insertion of the diene double
bond into the Pd�vinyl double
bond. The transition state TSC–D


of the step was found with an
energy of 5.5 kcalmol�1 above
C (Figure 5). This is an early
transition state with a very low


activation energy. The reaction is also exothermic with
24.5 kcalmol�1.
The initial product of the migratory insertion is the s-allyl


palladium complex D (Figure 6). In this intermediate the co-
ordination site that becomes vacant in the course of the mi-
gratory insertion is occupied by the C�C double bond in the
newly formed ring. The s-allyl palladium complex then rear-
ranges to a more stable p-allyl palladium complex F (see
Figure 10) via the transition state TSD–E (Figure 7), the inter-
mediate E (Figure 8) and a second transition state TSE–F


(Figure 9).


Scheme 1. Mechanism of the PdII-catalyzed oxidative carbocyclization of allene–diene (E=CO2Me, TFA= tri-
fluoroacetate).


Figure 1. Calculated structure of complex A.
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The next step would be the attack of water on the p-allyl
palladium complex F leading to formation of the product 2.
However, water is too poor a nucleophile to react with un-
activated p-allyl palladium complexes such as F. The water
attack requires the presence of the reoxidant, benzoquinone,


Figure 2. Calculated structure of transition state TSA–B .


Figure 3. Calculated structure of complex B.


Figure 4. Calculated structure of complex C.


Figure 5. Calculated structure of transition state TSC–D .


Figure 6. Calculated structure of complex D.


Figure 7. Calculated structure of transition state TSD–E .


Figure 8. Calculated structure of complex E.


Figure 9. Calculated structure of transition state TSE–F .
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which is assumed to coordinate to palladium displacing one
of the water ligands, forming complex G (Figure 11). Ac-
cording to the gas phase calculations the energy of G is
1.7 kcalmol�1 below F.


The terminal double bond of G could then coordinate to
palladium displacing the other water ligand leading to the
formation of the chelated complex H (Figure 12) with an
energy of 8.8 kcalmol�1 above G.
The coordinated terminal alkene of H has Pd–C distances


of 2.35 and 2.60 I, the shorter being to the terminal methyl-
ene. The palladium–carbon bond lengths of the Pd–allyl
moiety in H are: Pd–C2 2.16 I, Pd–C3 2.27 I, and Pd–C4
2.72 I. The long Pd�C4 bond indicates a very high reactivi-
ty towards nucleophilic attack in the 4-position. The struc-
ture of complex G gives the corresponding Pd�C2 and Pd�
C4 bond lengths 2.21 and 2.29 I, respectively. This shows
that the coordination of the terminal double bond to form
H dramatically increases the reactivity at C4 by creating a
cationic complex with an elongated Pd�C4 bond. The
charge of complex H should be divided between Pd and the
C4 carbon, and therefore C4 should have a very high carbo-
cation character.
An interesting feature of complex H is the different coor-


dination of the two double bonds. We can define a coordina-
tion plane in (p-allyl)PdL2 complexes where the terminal
carbons of the p-allyl group and the ligands L are located in
the same plane.[11] From Figure 12 one can see that the qui-
none double bond is “in-plane” coordinated, whereas the
terminal alkene is perpendicular to the coordination plane.


When an olefin is coordinated to a metal in a square planar
complex the carbon–carbon double bond prefers to bind
perpendicular to the coordination plane, but there are exam-
ples on “in-plane” coordination.[12]


The transition state for the water attack (TSH–I) was found
and its structure is shown in Figure 13.


As predicted from structure H, there is a favorable
energy pathway for water attack at C4. The calculated
energy of this transition state, TSH–I is 18.6 kcalmol�1 in rela-
tion to the p-allyl complex H. After the attack by water,
complex I is formed and the energy relaxes down to
�10.6 kcalmol�1 relative to complex H. The calculated
structure of I is shown in Figure 14.
The energy profile of the entire reaction sequence in the


gas phase is given in Figure 15 and the energy profile in
water obtained from PBF calculations of the gas phase


Figure 10. Calculated structure of complex F.


Figure 11. Calculated structure of complex G.


Figure 12. Calculated structure of complex H.


Figure 13. Calculated transition state structure TSH–I .
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structures is given in Figure 16. The PBF calculations in
THF are quite similar to the PBF calculations in water and
are given in the Supporting Information. The most stable
species according to the calculations are the p-allyl com-
plexes F and G, which are approximately 37–45 kcalmol�1


below the starting point (A). In the PBF calculation in


water the most stable p-allyl complex is F, which is 43.4 kcal
mol�1 below A. Transformation of F to product has to pass
over a barrier that is 23.4 kcalmol�1 above F according to
the calculations. Once the terminal double bond is coordi-
nated (H) the nucleophilic attack by water is facile and
occurs with an activation energy of 10.7 kcalmol�1 in the
PBF calculations.
We have not calculated the transition states for the ligand


exchanges converting F ! G and G ! H, since these tran-
sition states are supposed to be quite low and will not
change the overall energy profile. It would also be difficult
to find the transition states for the ligand-exchange reac-
tions, due to the big changes in molecular geometry and the
exchange of ligands. The ligand exchange reactions might
also proceed through a multi-step dissociative or associative
mechanism which would be highly affected by solvation and
thus not possible to study using geometry optimization in
the gas phase.


Conclusion


In summary, we have found that the palladium-catalyzed re-
action of allene-substituted 1,3-cyclohexadiene in water pro-
ceeds via the pathway proposed in our previous experimen-
tal work. Coordination of a carbon-carbon double bond in
the endo-(p-allyl)palladium complex, obtained from intra-
molecular syn-carbopalladation of a 1,3-cyclohexadiene, is a
highly likely intermediate according to DFT calculations.
The calculations predict the formation of intermediate H,
which is attacked by water on the allyl carbon. The transi-
tion state for this attack in the PBF calculations of the gas
phase structure is 10.7 kcalmol�1 above H.


Computational Details


Gas-phase geometry optimizations of all intermediates and transition
states were performed using the B3LYP functional[13] with the lacvp**/6-
31G ACHTUNGTRENNUNG(d,p) basis set.[14, 15] All degrees of freedom were optimized. The tran-
sition states were characterized by a single imaginary vibrational frequen-
cy along the reaction coordinate. All computations were performed using
Jaguar v. 4.0 and v. 6.0.[16] Vibrational frequencies were calculated in
Jaguar 6.0. Gas phase optimized structures were used in solvent calcula-
tion using the Poisson–Boltzman self-consistent reaction field (PBF) with
water: dielectric constant=80.37, probe radius=1.4 I, and THF: dielec-
tric constant=7.58, probe radius=2.531 I as solvents (E=E ACHTUNGTRENNUNG(SCF) +


E(solv)). All PBF calculations were performed in Jaguar 6.0.
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solution models. The latter reaction barrier is increased on solvation
but it is still low (8–10 kcalmol�1). In our case we have attack by a
neutral molecule on a charged species. All our intermediates and
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[11] ACHTUNGTRENNUNG(p-Allyl)palladium complexes, (p-allyl)PdL2, can be treated as d8


square-planar complexes where the terminal carbons of the p-allyl
and the two ligands are in the same plane.


[12] a) L. L. Wright, R. M. Wing, M. F. Rettig, G. R. Wiger, J. Am.
Chem. Soc. 1980, 102, 5950; b) M. H. Rakowsky, J. C. Woolstock,
L. L. Wright, D. B. Green, M. F. Rettig, R. M. Wing, Organometal-
lics 1987, 6, 1211.


[13] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648; b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785.


[14] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299.
[15] a) W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56,


2257; b) M. M. Francl, W. J. Pietro, W. J. Hehre, J. S. Binkley, M. S.
Gordon, D. J. Defrees, J. A. Pople, J. Chem. Phys. 1982, 77, 3654;
c) P. C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973, 28, 213.


[16] Jaguar versions 4.0 and 6.0, Schrçdinger, Portland, OR, 1991–2000.


Received: June 27, 2008
Published online: September 24, 2008


www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9175 – 91809180


J.-E. B:ckvall and E. A. Karlsson



http://dx.doi.org/10.1021/jo050724z

http://dx.doi.org/10.1002/ange.200502017

http://dx.doi.org/10.1002/anie.200502017

http://dx.doi.org/10.1002/anie.200502017

http://dx.doi.org/10.1021/jo990631f

http://dx.doi.org/10.1021/ol026689p

http://dx.doi.org/10.1021/ol026689p

http://dx.doi.org/10.1016/j.tet.2004.04.076

http://dx.doi.org/10.1021/ja005866j

http://dx.doi.org/10.1021/ol048207a

http://dx.doi.org/10.1021/ja990783s

http://dx.doi.org/10.1016/S0040-4039(00)60308-8

http://dx.doi.org/10.1021/ja075488j

http://dx.doi.org/10.1021/ja075488j

http://dx.doi.org/10.1002/(SICI)1521-3765(19990301)5:3%3C902::AID-CHEM902%3E3.0.CO;2-W

http://dx.doi.org/10.1021/om00149a015

http://dx.doi.org/10.1021/om00149a015

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1063/1.448975

http://dx.doi.org/10.1063/1.1677527

http://dx.doi.org/10.1063/1.1677527

http://dx.doi.org/10.1063/1.444267

http://dx.doi.org/10.1007/BF00533485

www.chemeurj.org






DOI: 10.1002/chem.200801382


A Gold-Catalyzed Entry into the Sesquisabinene and Sesquithujene Families
of Terpenoids and Formal Total Syntheses of Cedrene and Cedrol


Alois F)rstner* and Andreas Schlecker[a]


Introduction


Even though the cycloisomerization of enynes with migrato-
ry participation of a propargylic carboxylate group was orig-
inally discovered by Ohloff with the aid of ZnCl2 as stoi-
chiometric promoter,[1] the true value of such transforma-
tions can only be garnered since the superior performance
of carbophilic p-acid catalysts has been recognized
(Scheme 1).[2,3] In conceptual terms, platinum- or gold-cata-


lyzed Ohloff-type reactions open entry into cyclopropyl car-
bonyl derivatives and as such represent a safe and conven-
ient alternative to the cyclization of unsaturated a-diazoke-
tones (Scheme 2).[4–10]


In pursuit of our previous investigations in this
field,[5,6,8,11–14] we now present a concise approach to bisabo-
lane-type sesquiterpenes by way of stereospecific gold-cata-
lyzed cycloisomerizations (Scheme 3). Since the first isola-
tion of sesquisabinene (7) from pepper (Piper nigrum)[15]


and of sesquithujene (9) as a major constituent of the essen-
tial oil of ginger (Zingiber officinale),[15] many relatives of
these natural products have been isolated which differ from
the parent compounds in the peripheral functionalization
pattern and/or in stereochemical terms;[16] in many cases,
however, remained the stereostructures of these congeners
uncertain or even completely unknown. It is also remark-
able that such bicyclic compounds are not only prevalent in
the plant kingdom but were also isolated from animals as
exemplified by the aggregation pheromone of the bug Ey-


Abstract: A concise entry into the bicy-
clic cyclopropyl ketone derivatives 5
and 6 by way of a gold-catalyzed
Ohloff–Rautenstrauch-type enyne cy-
cloisomerization is described. The re-
quired substrates were prepared by an
asymmetric addition of the branched
allylzinc reagent 21 to the alkynyl alde-
hyde 17 mediated by the deprotonated
bisoxazoline (BOX) ligand 22. Com-
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Scheme 1. Comparison of the greatly different efficiencies of a conven-
tional Lewis acid and a p-acidic gold catalyst in the original Ohloff cyclo-
isomerization reaction.


Scheme 2. Synthetic equivalence of classical a-diazoketone methodology
and noble metal catalyzed propargyl acetate rearrangements.
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sarcoris lewisi (Distant) (8), a severe pest in rice fields in
Northern Japan.[17,18] Finally, it should be mentioned that the
key synthetic intermediate 6 required for the preparation of
sesquithujene and relatives also constitutes a known precur-
sor of cedrene (11) and cedrol (12).[19,20] Our stereoselective
approach to 6 hence represents a formal total synthesis of
these renowned targets too (Scheme 3).


Results and Discussion


Asymmetric synthesis of the cyclization precursors : The
preparation of the required substrates for the envisaged
noble metal catalyzed cycloisomerization reaction com-
menced with the large scale adaptable methylenation of
(R)-citronellal (13) (Scheme 4).[21] Reduction of the resulting
enal 14[22] and subsequent conversion of alcohol 15 into the
corresponding allylic bromide 16 set the stage for the addi-
tion of a derived organometallic reagent onto aldehyde 17.
Since noble metal-catalyzed rearrangements are known to
transmit the configuration of the propargylic center of
enynes of type 4 into the product stereostructure,[3–9] it was
of utmost importance to control the course of this addition
step. Unfortunately, however, some of the most widely prac-
ticed asymmetric allylation reactions for aldehydes either
failed in this particular case or resulted in disappointingly
low diastereomeric ratios.[23]


As a consequence, we faced the need to develop an alter-
native method for the selective preparation of either isomer
of product 4. Inspiration was provided by a paper published
by Nakamura et al. , who were the first to describe highly
asymmetric allylations of alkynyl carbonyl derivatives with
the aid of allylzinc reagents endowed with a bisoxazoline


(BOX) derived ligand set (Scheme 5).[24,25] In this transfor-
mation, however, the best selectivities were observed for ke-
tones bearing bulky R1 substituents (e.g. R1=adamantyl,
tert-butyl), whereas aldehydes gave rather poor results.[24]


This fact is deemed to reflect the peculiarities of a chair-like
transition state TS1, wherein the massive R1 group forces
the alkynyl moiety into an axial orientation such that it can
be recognized by the local chiral environment of the C2-sym-
metric BOX ligand (Scheme 5).[24] Aldehydes (R1=H) obvi-
ously will not attain this crucial array; their alkynyl group
prefers the equatorial position in TS2, wherein it points
away from the stereodetermining ligand framework.


Even though the recorded data for aldehydes seem to
speak against the use of this method en route to 4, a more
careful analysis is warranted. Nakamura et al. reported the
transfer of unsubstituted allyl groups to aldehydes only,[24]


whereas in our case a large substituent R will reside on the
central carbon atom of the allylzinc reagent. Its presence
should render TS2 highly unfavorable due to a clash of R
with the ligandLs phenyl substituent (Scheme 6). As a result,


Scheme 3. Descent of prototype terpenoids of the sesquisabina and ses-
quithuja families as well as of cedrene and cedrol from the two diastereo-
meric [3.1.0]-bicyclohexanone derivatives 5 and 6.


Scheme 4. a) para-Formaldehyde, pyrrolidine, propionic acid, iPrOH,
45 8C, 88%; (ref. [21]); b) NaBH4, CeCl3·7H2O, MeOH, 0 8C, 98%;
c) Br2, PPh3, imidazole, CH2Cl2, 0 8C, 87%; d) see text and Table 1;
e) K2CO3, MeOH.


Scheme 5. Asymmetric allylation of alkynyl ketones (R1 ¼6 H) according
to Nakamura et al. , cf. ref. [24].
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a transition-state topology of type TS3 with an inverted
chair might ensue, wherein the R group should engage in a
productive crosstalk with the chiral ligand sphere of the zinc
atom. As this interaction renders the equatorial disposition
of the aldehydeLs alkynyl group inconsequential, appreciable
levels of stereoinduction can be expected.[26]


The experimental results nicely matched the predictions
of this model. As evident from Scheme 7, the addition of al-
lylzinc reagents to aldehyde 17 under Nakamura conditions
become increasingly enantioselective with increasing bulk of
the substituent at C2. Likewise, addition of the chiral zinc
reagent 21 to the same aldehyde partner showed appreciable
levels of diastereocontrol (Scheme 8 and Table 1). Whereas
the reaction of unmodified 21 gave a �1:1 mixture
(entry 1), ligation with deprotonated (S,S)-22[27] provided
the forecasted S-configured alcohol (S)-18 with good selec-
tivity (dr 10.4:1, entry 3). Importantly, the course of the ad-
dition is reagent-controlled, as the (R,R)-configured ligand
furnished the opposite isomer as the major product (dr
1:5.2, entry 4). Separation of the enriched samples by prepa-
rative HPLC followed by cleavage of the silyl group afford-
ed (S)-4 and (R)-4 in diastereomerically pure form each. In
both cases was the configuration of the newly formed chiral
center unambiguously established by the Mosher method
(cf. Supporting Informaton).[28] In line with the proposed
transition-state model, more encumbered BOX-type ligands,
which are unable to acquaint the axial R group for steric
reasons, were found inappropriate (Table 1, entries 5 and 6).


Gold-catalyzed cycloisomerizations, stereochemical calibra-
tion, and total synthesis of the insect aggregation phero-
mone 8 : Conversion of the propargylic alcohols (S)-4 and
(R)-4 into the corresponding p-nitrobenzoates (S)-23 and
(R)-23, respectively, followed by AuCl3ACHTUNGTRENNUNG(pyridine)


[29]-cata-
lyzed cycloisomerization furnished the desired [3.1.0]bicyclo-
hexane derivatives 5 and 6 after hydrolysis of the enol esters
primarily formed (Scheme 9).[30,31]


The stereochemical relationship between the newly
formed cyclopropane ring and the methyl branch in the side
chain of 5 and 6 is by no means trivial to assign because of
the conformational freedom in this part of the molecules.
Even the detailed analysis of high field NMR spectra and


Scheme 6. Proposed asymmetric allylation of alkynyl aldehydes with sub-
stituted allylzinc reagents (R ¼6 H).


Scheme 7. Asymmetric allylation of aldehyde 17 with differently substi-
tuted allylzinc reagents: a) i) Zn, THF; ii) (S,S)-22, nBuLi; iii) aldehyde
17, �100 8C.


Table 1. Addition of the allylzinc reagent 21 to aldehyde 17 in the ab-
sence or presence of deprotonated BOX-type ligands.[a]


Entry Ligand Yield [%] (S)-18/(R)-18


1 – 77 1:1[b]


2 74 8.8:1[c]


3 70 10.4:1


4 72 1:5.2


5 [d] 1:1


6 [e]


[a] Unless stated otherwise, all reactions were performed by syringe
pump addition of aldehyde 17 to the organozinc reagent at �100 8C in
THF; the material was then desilylated with K2CO3 in MeOH. The yield
refers to the overall yield over both operations; [b] at 0 8C; [c] at �78 8C;
[d] as the reaction was unselective according to GC, the product was not
isolated; [e] no reaction.


Scheme 8. Reagent-controlled asymmetric allylation: a) Zn, THF, 40 8C;
b) see Table 1; c) K2CO3, MeOH, 99%.
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NOESY data remains ambiguous. These difficulties also
transpire from previous isolation papers, wherein the stereo-
structure of several members of the sesquisabina- or sesqui-
thuja families either remained undetermined or were merely
inferred by analogy to sister compounds which themselves
are more or less well characterized; in these cases, the as-
signed structures should be met with caution (see below).


As 5 and 6, however, constitute the corner stones of our
projected synthesis of all natural products of these classes of
terpenes, it was of utmost importance to determine the ste-
reochemical course of the gold-catalyzed cycloisomerization
beyond doubt. The assignments shown in Scheme 9 were ini-
tially made by analogy to recorded cases.[8] Additional infor-
mation was gathered by conversion of (�)-(S)-20c into
sabina ketone (+)-(1R,5S)-28,[32,33] a product of known ster-
eostructure and parent compound of the entire family of ter-
penoids embodying a bicycloACHTUNGTRENNUNG[3.1.0]hexane skeleton
(Scheme 10).


Even though this example provides compelling evidence,
further confirmation for the assignments made in Scheme 9


was sought. To this end, we turned our attention to the ag-
gregation pheromone 8 produced by male Eysarcoris lewisi
(Distant) bugs, which cause severe damage in rice fields in
Japan.[17] Mori and coworkers have previously prepared this
compound and could determine its stereostructure by chi-
roptical means.[18] Therefore 8 constitutes an additional ste-
reochemical calibration point.


Its synthesis from ketone (+)-5 was accomplished by a
minor modification of the published route (Scheme 11).[18]


The analytical and spectroscopic properties of our samples
of synthetic 8 were in excellent agreement with the reported
data,[18] including the [a]D. This comparison firmly estab-
lishes the stereochemical course of the gold-catalyzed cyclo-
ACHTUNGTRENNUNGisomerization reactions shown in Scheme 9 and hence sets a
sound basis for the preparation of all other sesquiterpenoids
of the sabina- and thuja series.


Total synthesis of sesquisabinene, sesquithujene and rela-
tives : With the stereostructure of ketone 5 being secured, it
required only the treatment of this compound with Ph3P=


CH2 in THF to obtain (�)-7 (Scheme 12). Its spectroscopic
data are in full agreement with those of sesquisabi-
nene.[15,16,34] It is unfortunate, however, that the rotatory
power of this natural product has not been reported in the


Scheme 9. a) 4-Nitrobenzoyl chloride, pyridine, DMAP, CH2Cl2, 0 8C !
RT, 58% (S)-23 ; 62% (R)-23 ; b) AuCl3ACHTUNGTRENNUNG(pyridine) (10 mol%), CH2Cl2,
73% (dr � 19:1); c) LiOH, THF/H2O, 91%; d) AuCl3 ACHTUNGTRENNUNG(pyridine)
(10 mol%), CH2Cl2, 76% (dr 15:1); e) LiOH, THF/H2O, 89%.


Scheme 10. a) K2CO3, MeOH, 89%; b) 4-nitrobenzoyl chloride, DMAP,
CH2Cl2, pyridine, 0 8C ! RT, 91%; c) AuCl3 ACHTUNGTRENNUNG(pyridine) (10 mol%),
CH2Cl2, 89%; d) LiOH, THF/H2O, 53%.


Scheme 11. a) O3, CH2Cl2, �78 8C, then Me2S, Et3N, 84%; b) 30, NaH,
THF, �78 8C ! 0 8C; c) [Ph3PCH3]Br, nBuLi, THF, �78 8C ! RT, 50%
(over both steps); d) Dibal-H, toluene/THF, �78 8C, 88%.


Scheme 12. a) Ph3P=CH2, THF, �78 8C ! RT, 69%; b) Hg ACHTUNGTRENNUNG(OAc)2, THF/
H2O, then NaBH4, NaOH, 53%; c) MeMgBr, Et2O, 0 8C, 95%; d) LDA,
THF, �78 8C, then 2-pyridyl-NTf2, 0 8C; e) MeMgBr, Fe ACHTUNGTRENNUNG(acac)3
(10 mol%), THF/NMP, �30 8C, 60% (over both steps).
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literature. Therefore we cannot decide whether (�)-7 corre-
sponds to the natural product or its enantiomer.


Reaction of ketone 5 with MeMgBr in Et2O at 0 8C af-
forded alcohol 33 as a single isomer in high yield. Its spectra
matched those of cis-sesquisabinene hydrate, an ingredient
of the essential oils of Zingiber officinale,[15] Hedychium
gardnerianum Roscoe (“Kahili ginger”),[35] Nectandra globo-
sa (“Ayou” or “canella preta”),[36] and the sub-Himalayan ar-
omatic shrub Strobilanthes auriculatus.[37] Whereas the [a]D
of synthetic (�)-33 and the natural product are in good
agreement, the literature actually depicts the opposite enan-
tiomer.[37] Our synthesis, however, is unambiguous in stereo-
chemical regard; therefore the previously proposed configu-
ration of cis-sesquisabinene hydrate is incorrect and needs
to be revised to what is shown in Scheme 12.


The diastereomeric alcohol 34 was obtained by hydroxy-
mercuration[38] of synthetic sesquisabinene A (7). The NMR
spectra are sufficiently different from those of 33 and were
found to be in accord with the data of trans-sesquisabinene
hydrate published in the literature.[35,36] As no chiroptical
data of this particular natural product are available, the as-
signment of the absolute configuration must remain open.


Finally, ketone 5 was transformed into the corresponding
enol triflate 35 which underwent an iron-catalyzed cross-
coupling with MeMgBr to give endocyclic olefin derivative
(+)-36. This methodology had previously been developed in
our laboratory as a cheap, effective and benign alternative
to established cross-coupling protocols and already served
other total syntheses with considerable success.[39–41] Com-
parison of the NMR data shows that synthetic 36 is identical
with 7-epi-sesquithujene, the stereostructure of which was
previously unknown.[16,34] However, as the [a]D of natural 36
has not been communicated, we cannot establish the abso-
lute configuration of this volatile component produced by
the Brazilian tree Phoebe porosa.


Next, the diastereomeric ketone 6 derived from (R)-4 was
subjected to the same set of reactions (Scheme 13). Wittig
olefination delivered (+)-37, which corresponds to sesquisa-
binene B according to its spectral data. The relative stereo-
structure of this compound isolated from the leaves of


Amyris diatrypta Sprengel, was previously unknown.[16] Sub-
sequent hydroxymercuration gave 7-epi-trans-sesquisabinene
hydrate (38),[35,42] whereas direct addition of MeMgBr fur-
nished the diastereomeric alcohol 7-epi-cis-sesquisabinene
hydrate (39),[16,34] both of which are found inter alia in Heli-
chrysum oil. The iron catalyzed cross coupling of enol tri-
flate 40 derived from 6 provided sesquithujene (9) itself.[15, 16]


Because we lack information on the rotatory power of all of
these naturally occurring sesquiterpenes,[43] their absolute
stereochemistry cannot be assigned at this point.


Epoxysesquithujene : Epoxysesquithujene was recently iso-
lated from the fresh roots of Valeriana hardwickii var. hard-
wickii, a rare aromatic Himalayan herb used in traditional
medicine.[44] Interestingly, this compound represents about
50% of the essential oil extracted from this plant but had
previously never been found in any other Valeriana sp.
While its constitution could be firmly established, the ste-
reochemical relationship between the cyclopropane, the
methyl branch and the remote epoxide remained undeter-
mined.[44] To answer this question, we first prepared a mix-
ture of all four possible isomers 42–45 by epoxidation of a
1:1 mixture of 5 and 6 with mCPBA followed by conversion
of the ketone groups in 41a–d into the corresponding endo-
cyclic olefins (Scheme 14). Gratifyingly, the 13C NMR spec-
tra of 42–45 are sufficiently resolved such that all four com-
pounds are discernable in the mixture. Next, the epoxidation
was performed with the aid of the d-fructose derived cata-
lyst 46, which delivers isomers 41a,b as the major products
according to its well established facial selectivity in oxida-
tions of trisubstituted alkenes.[45] None of the two epoxides


Scheme 13. a) Ph3P=CH2, THF, �78 8C ! RT, 66%; b) Hg ACHTUNGTRENNUNG(OAc)2, THF/
H2O, then NaBH4, NaOH, 49%; c) MeMgBr, Et2O, 0 8C, 97%; d) LDA,
THF, �78 8C then 2-pyridyl-NTf2, 0 8C; e) MeMgBr, Fe ACHTUNGTRENNUNG(acac)3
(10 mol%), THF/NMP, �30 8C, 58% (over both steps).


Scheme 14. a)mCPBA, 85%; b) i) LDA, THF, �78 8C, then 2-pyridyl-
NTf2, 0 8C; ii) MeMgBr, FeACHTUNGTRENNUNG(acac)3 (10 mol%), THF/NMP, �35 8C, 72%
(for 41d ! 45); c) 46 (0.5 equiv), Oxone, Bu4NHSO4, Na2B4O7·7H2O,
K2CO3, dimethoxymethane, MeCN/H2O, 51%; d) ent-46 (2 equiv),
Oxone, Bu4NHSO4, Na2B4O7·10H2O, K2CO3, dimethoxymethane, MeCN/
H2O, 74% (dr 8:1).
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42 and 43 thus formed, however, corresponds to epoxyses-
quithujene. Therefore, this natural product must be one of
the remaining structures 44 or 45. One of them was then se-
lectively prepared by Shi epoxidation of ketone 6 with the
enantiomeric (formally l-fructose derived)[46] catalyst ent-46
(dr 8:1). Subsequent conversion of the carbonyl group of
the resulting ketone 41d into the corresponding triflate and
cross-coupling with MeMgBr furnished product 45 in 72%
yield after only 5 min reaction time at �35 8C. The fact that
the iron-based methodology tolerates the reactive oxirane
ring of the substrate is noteworthy and attests to the rele-
vance of this new methodology.[39–41] The NMR spectra of
the major diastereomer of the resulting 8:1 mixture of prod-
ucts matched the reported data very well.[44] Therefore we
confidently assign structure 45 to epoxysesquithujene de-
rived from Valeriana hardwickii var. hardwickii.


Conclusion


A short and efficient entry into the cyclopropyl carbonyl de-
rivatives 5 and 6 was established by combining the power of
asymmetric synthesis with noble metal catalyzed cycloisome-
rization chemistry. Specifically, a conceptual extension of an
allylation method reported by Nakamura and coworkers
using allylzinc derivatives modified by BOX-type ligand 22
allowed the diastereomeric enyne derivatives (R)-4 and (S)-
4 to be formed in good yield and appreciable levels of dia-
stereocontrol. Catalytic amounts of AuCl3ACHTUNGTRENNUNG(pyridine) rear-
ranged these substrates stereospecifically into the bicyclo-
ACHTUNGTRENNUNG[3.1.0] ketones 5 and 6 after saponification of the enol ester
derivatives primarily formed. These compounds could then
be converted into a host of sesquisabina and sesquithuja de-
rivatives. Since the stereochemistry of the synthetic materi-
als is unambiguous, the as yet unknown structure of several
members of these families of terpenoids could be estab-
lished by comparison with the published data. Moreover, it
should be pointed out that ketone 6 previously served as the
key intermediate en route to cedrene (11) and cedrol
(12).[19] Therefore the new gold-catalyzed access to 6 also
represents a formal total synthesis of these challenging tar-
gets.


Experimental Section


General methods : All reactions were carried out under argon in flame-
dried glassware. The solvents used were purified by distillation over the
drying agents indicated and were stored and transferred under argon:
THF, Et2O (Mg/anthracene), CH2Cl2, Et3N, hexanes, benzene, toluene
(Na/K), DMF (Desmodur 15, dibutyl tin dilaurate). Flash chromatogra-
phy (FC): Merck silica gel 60 (230–400 mesh). NMR: Spectra were re-
corded on a Bruker DPX 300, AMX 300 or AV 400 spectrometer in the
solvents indicated; chemical shifts (d) are given in ppm relative to TMS,
coupling constants (J) in Hz. The solvent signals were used as references
and the chemical shifts converted to the TMS scale (CDCl3: dC=


77.0 ppm; residual CHCl3 in CDCl3: dH=7.26 ppm; CD2Cl2: dC=


53.8 ppm; residual CH2Cl2 in CD2Cl2: dH=5.32 ppm; C6D6: dC=


128.1 ppm; residual C6H6 in C6D6: dH=7.26 ppm; [D]8-toluene: dC=


137.9 ppm; residual toluene in [D]8-toluene: dH=2.09 ppm). IR: Nicolet
FT-7199 spectrometer, wavenumbers (n) in cm�1. MS (EI): Finnigan
MAT 8200 (70 eV), ESI-MS: Finnigan MAT 95, accurate mass determi-
nations: Bruker APEX III FT-MS (7 T magnet). Melting points: B<chi
melting point apparatus B-540 (corrected). Elemental analyses: H.
Kolbe, M<lheim/Ruhr. All commercially available compounds (Fluka,
Lancaster, Aldrich) were used as received. Compounds 14 and 15 were
prepared according to literature methods.[21,22] The Supporting Informa-
tion of this paper details the analysis of the Mosher esters derived from
(R)-4 and (S)-4, contains a tabular comparison of the published and the
recorded NMR spectra of the individual natural products, and shows
copies of their 1H and 13C NMR spectra.


Compound 16 : Bromine (0.64 mL, 13 mmol) was slowly added to a solu-
tion of Ph3P (3.4 g, 13 mmol) in CH2Cl2 (60 mL) and the resulting mix-
ture was transferred via cannula to a solution of alcohol 15 (2.0 g,
12 mmol) and imidazole (1.0 g, 14 mmol) in CH2Cl2 (80 mL) at 0 8C.
After stirring for 10 min at that temperature, the mixture was poured
into ice water and stirred for 1 h. A standard extractive work up followed
by flash chromatography of the crude material (3% Et2O in pentanes)
gave bromide 16 as a colorless oil (2.4 g, 87%). [a]20D =�16.6 (c=1.04 in
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=5.21 (d, J=0.7 Hz, 1H), 5.12–
5.08 (m, 1H), 5.00 (br s, 1H), 3.99 (br s, 2H), 2.38 (q, J=6.9 Hz, 1H),
2.00–1.94 (m, 2H), 1.69 (d, J=0.9 Hz, 3H), 1.60 (s, 3H), 1.58–1.49 (m,
1H), 1.42–1.32 (m, 1H), 1.10 ppm (d, J=6.9 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=150.4, 131.6, 124.3, 114.2, 36.5, 36.3, 35.9, 25.7,
25.7, 20.0, 17.7 ppm; IR (film): ñ = 2965, 2919, 2855, 1637, 1452, 1376,
1208, 905 cm�1; MS (70 eV): m/z (%): 232 (0.1) [M+], 189 (3), 151 (26),
109 (22), 95 (100), 82 (38), 69 (41), 55 (33), 41 (59); HRMS (EI): m/z :
calcd for C11H23NBr [M+ +NH4]: 248.1014, found: 248.1012; elemental
analysis calcd (%) for C11H19Br (231.2): C 57.15, H 8.28; found: C 57.06,
H 8.26.


Compound (R)-18 : A suspension containing bromide 16 (0.28 g,
1.2 mmol) and zinc dust (0.21 g, 3.0 mmol) in THF (3 mL) was stirred for
1 h at 40 8C. At this time, GC/MS indicated complete conversion of the
substrate into the allylzinc reagent 19 and the reaction mixture was al-
lowed to cool to ambient temperature. In a second Schlenk tube, nBuLi
(1.6m in hexane, 0.8 mL) was added dropwise to a solution of 2,2’-meth-
ylene-bis-[(4R)-4-phenyl-2-oxazoline] [(R,R)-22, 0.39 g, 1.3 mmol] in THF
(4 mL) at 0 8C. The solution of the organozinc reagent was then added
via cannula and the resulting mixture was stirred for 30 min at 0 8C,
before it was cooled to �100 8C. A solution of 3-trimethylsilylpropinal
(17; 0.16 mL, 1.1 mmol) in THF (1 mL) was introduced via syringe pump
over a period of 1 h. Once the addition was complete, the reaction was
quenched with MeOH/H2O 1:1 (0.8 mL), the mixture was diluted with
Et2O (5 mL) and allowed to warm to ambient temperature. The organic
phase was washed with NaOH (0.5m, 1 mL), dried over Na2SO4, ad-
sorbed on silica gel and purified by flash chromatography (10% Et2O in
pentanes) to give compound (R)-18 as a colorless oil (250 mg, 72%, dr
5.2:1). Analytically pure (R)-18 was obtained by preparative HPLC
(250 mm YMC, 1 30 mm, MeCN/H2O 60:40, 35.0 mLmin�1, 6.9MPa,
308 K, UV, 210 nm). [a]20D =�3.9 (c=0.78 in CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=5.11–5.07 (m, 1H), 4.93 (s, 1H), 4.92 (d, J=


1.1 Hz, 1H), 4.48 (t, J=6.9 Hz, 1H), 2.43 (dd, J=6.8, 0.5 Hz, 2H), 2.18
(q, J=6.9 Hz, 1H), 1.94 (q, J=7.6 Hz, 2H), 1.79 (br s, 1H), 1.68 (s, 3H),
1.56 (s, 3H), 1.53–1.44 (m, 1H), 1.35–1.26 (m, 1H), 1.04 (d, J=6.9 Hz,
3H), 0.17 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d =149.6, 131.5,
124.5, 111.5, 106.4, 89.5, 61.3, 42.8, 39.1, 35.8, 25.8, 25.7, 19.7, 17.7,
�0.2 ppm; IR (film): ñ = 3349, 2961, 2923, 2176, 1643, 1454, 1376, 1249,
1033, 883, 837, 759 cm�1; MS (70 eV): m/z (%): 263 (3), 217 (4), 151 (9),
136 (10), 127 (10), 109 (20), 99 (33), 95 (20), 82 (100), 73 (61), 69 (24), 55
(21), 41 (36); HRMS (ESI): m/z : calcd for C17H30OSiNa [M+ +Na]:
301.1958, found: 301.1955; elemental analysis calcd (%) for C17H30OSi
(278.51): C 73.31, H 10.86; found: C 73.42, H 10.78.


Compound (S)-18 : Prepared analogously using 2,2’-methylene-bis-[(4S)-
4-phenyl-2-oxazoline] (S,S)-20 as the ligand. Colorless oil (290 mg, 70%,
dr 10.4:1). [a]20D =�28.9 (c=0.95 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d =5.11–5.07 (m, 1H), 4.94 (br s, 1H), 4.92 (d, J=1.1 Hz, 1H),
4.49 (dd, J=7.2, 6.1 Hz, 1H), 2.45–2.42 (m, 2H), 2.18 (q, J=6.9 Hz, 1H),
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1.94 (q, J=7.5 Hz, 2H), 1.68 (s, 3H), 1.59 (s, 3H), 1.53–1.44 (m, 1H),
1.36–1.27 (m, 1H), 1.04 (d, J=6.9 Hz, 3H), 0.17 ppm (s, 9H); 13C NMR
(100 MHz, CDCl3): d=149.7, 131.5, 124.4, 111.5, 106.4, 89.5, 61.2, 42.7,
39.3, 35.7, 25.9, 25.7, 19.9, 17.7, �0.2 ppm; IR (film): ñ = 3380, 2961,
2923, 2177, 1642, 1454, 1376, 1249, 1034, 883, 839, 759 cm�1; MS (70 eV):
m/z (%): 263 (2), 217 (5), 151 (8), 136 (10), 127 (9), 109 (19), 99 (32), 95
(20), 82 (100), 73 (60), 69 (24), 55 (21), 41 (36); HRMS (ESI): m/z : calcd
for C17H30OSiNa [M+ +Na]: 301.1958, found: 301.1957.


(S)-1-(Trimethylsilyl)hex-5-en-1-yn-3-ol [(S)-20a, R=H]: Colorless oil
(93 mg, 70%, ee 57%). The enantiomeric excess was determined by GC
analysis on chiral stationary phase (25 m Hydrodex-B-TBDAc 0.25/df, 1
0.25 mm, 220/105iso, 0.8 bar H2, FID). The absolute stereochemistry was
assigned by comparison of the optical rotation. [a]20D =�22.1 (c=1.3 in
CHCl3), Lit:[47] [a]RT


D =�29 (c=0.85 in CHCl3);
1H NMR (400 MHz,


CDCl3): d =5.93–5.83 (m, 1H), 5.21–5.19 (m, 1H), 5.17 (br s, 1H), 4.41 (t,
J=6.1 Hz, 1H), 2.47 (t, J=7.0 Hz, 2H), 1.79 (br s, 1H), 0.17 ppm (s, 9H);
13C NMR (100 MHz, CDCl3): d =132.9, 119.0, 105.9, 89.8, 62.0, 42.1,
�0.2 ppm; IR (film): ñ = 3351, 3073, 2960, 2901, 2175, 1643, 1250, 1027,
837, 759 cm�1; MS (70 eV): m/z (%): 168 (0.1) [M+], 127 (98), 99 (100),
75 (33), 59 (11), 45 (16); HRMS (CI): m/z : calcd for C9H20NOSi [M+ +


NH4]: 186.1314, found: 186.1316.


(S)-5-Methyl-1-(trimethylsilyl)hex-5-en-1-yn-3-ol [(S)-20b, R=Me]: Col-
orless oil (109 mg, 76%, ee 67%). The enantiomeric excess was deter-
mined by GC analysis on chiral stationary phase (25 m Hydrodex-B-
TBDAc 0.25/df, 1 0.25 mm, 220/105iso, 0.8 bar H2). The absolute stereo-
chemistry was assigned in analogy to (S)-20a. [a]20D =�38.5 (c=1.4 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=4.93–4.90 (m, 1H), 4.86–4.83
(m, 1H), 4.49 (t, J=6.6 Hz, 1H), 2.44 (d, J=6.6 Hz, 2H), 1.80 (s, 3H),
0.17 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d=140.9, 114.4, 106.3,
89.5, 60.8, 46.1, 22.6, �0.2 ppm; IR (film): ñ = 3351, 3073, 2961, 2896,
2175, 1647, 1249, 1063, 1019, 883, 837, 759 cm�1; MS (70 eV): m/z (%):
182 (1) [M+], 167 (21), 151 (17), 127 (44), 111 (15), 99 (100), 91 (29), 75
(56), 45 (20); HRMS (CI): m/z : calcd for C10H22NOSi [M+ +NH4]:
200.1471, found: 200.1473.


(S)-6-Methyl-5-methylene-1-(trimethylsilyl)hept-1-yn-3-ol [(S)-20c, R=


iPr]: Colorless oil (94 mg, 69%, ee 81%). The enantiomeric excess was
determined by GC analysis on chiral stationary phase (25 m Hydrodex-
B-TBDAc 0.25/df, 1 0.25 mm, 220/90iso, 0.5 bar H2). The absolute ste-
reochemistry was assigned by Mosher-ester analysis. [a]20D =�18.1 (c=0.5
in CH2Cl2);


1H NMR (400 MHz, CD2Cl2): d =4.93 (br s, 1H), 4.56 (br s,
1H), 4.47–4.43 (m, 1H), 2.45–2.43 (m, 2H), 2.32 (qt, J=6.8 1H), 1.96 (d,
J=5.2 Hz, 1H), 1.04 (dd, J=6.7, 1.1 Hz, 6H), 0.16 ppm (s, 9H);
13C NMR (100 MHz, CD2Cl2): d=151.7, 110.5, 107.1, 89.4, 61.7, 43.5,
34.0, 21.9, 21.8, �0.2 ppm; IR (film): ñ = 3349, 2961, 2896, 2175, 1642,
1249, 1033, 882, 837, 759 cm�1; MS (70 eV): m/z (%): 210 (1) [M+], 195
(26), 167 (21), 151 (59), 127 (44), 111 (11), 105 (25), 99 (95), 84 (79), 73
(100), 69 (95), 55 (20), 41 (32); HRMS (ESI): m/z : calcd for
C12H22ONaSi [M+ +Na]: 233.1332, found: 233.1334.


Compound (R)-4 : K2CO3 (0.34 g, 2.4 mmol) was added to a solution of
(R)-18 (0.23 g, 0.82 mmol) in MeOH (10 mL) and the resulting mixture
stirred for 2 h before the reaction was diluted with water (10 mL) and ex-
tracted with Et2O (3R10 mL). The combined organic phases were
washed with brine, dried over Na2SO4, evaporated and the residue puri-
fied by flash chromatography (10% Et2O in pentanes) to give product
(R)-4 as a colorless oil (170 mg, 99%). [a]20D =++0.4 (c=0.87 in CH2Cl2);
1H NMR (400 MHz, CD2Cl2): d=5.13–5.08 (m, 1H), 4.94 (br s, 1H),
4.92–4.91 (m, 1H), 4.52–4.47 (m, 1H), 2.50 (d, J=2.1 Hz, 1H), 2.44–2.43
(m, 2H), 2.17 (q, J=6.9 Hz, 1H), 2.03 (d, J=5.0 Hz, 1H), 1.95 (q, J=


7.7 Hz, 2H), 1.68 (d, J=1.0 Hz, 3H), 1.59 (s, 3H), 1.52–1.43 (m, 1H),
1.35–1.26 (m, 1H), 1.04 ppm (d, J=6.9 Hz, 3H); 13C NMR (100 MHz,
CD2Cl2): d=150.1, 131.8, 124.8, 111.5, 85.3, 72.9, 61.0, 43.1, 39.5, 36.1,
26.2, 25.8, 19.9, 17.8 ppm; IR (film): ñ = 3377, 3309, 2964, 2918, 2855,
1643, 1453, 1376, 1031, 896 cm�1; MS (70 eV): m/z (%): 206 (0.1) [M+],
145 (6), 109 (8), 95 (19), 82 (100), 67 (32), 55 (24), 41 (42); HRMS (ESI):
m/z : calcd for C14H22ONa [M+ +Na]: 229.1563, found: 229.1561; elemen-
tal analysis calcd (%) for C14H22O (206.32): C 81.50, H 10.75; found: C
81.40, H 10.66.


Compound (S)-4 : Prepared analogously as a colorless oil (190 mg, 99%).
[a]20D =�35 (c=1.52 in CH2Cl2);


1H NMR (400 MHz, CD2Cl2): d =5.13–
5.08 (m, 1H), 4.94 (br s, 1H), 4.92–4.91 (m, 1H), 4.52–4.47 (m, 1H), 2.50
(d, J=2.1 Hz, 1H), 2.45–2.42 (m, 2H), 2.16 (q, J=6.9 Hz, 1H), 2.03 (d,
J=5.1 Hz, 1H), 1.95 (q, J=7.5 Hz, 2H), 1.68 (d, J=0.9 Hz, 3H), 1.59 (s,
3H), 1.52–1.43 (m, 1H), 1.37–1.28 (m, 1H), 1.03 ppm (d, J=6.9 Hz, 3H);
13C NMR (100 MHz, CD2Cl2): d=150.2, 131.8, 124.8, 111.5, 85.2, 72.9,
61.0, 43.0, 39.7, 36.0, 26.2, 25.8, 20.0, 17.7 pm; IR (film): ñ = 3376, 3309,
2963, 2918, 2855, 1643, 1452, 1376, 1029, 896 cm�1; MS (70 eV): m/z (%):
206 (0.1) [M+], 145 (6), 109 (8), 95 (19), 82 (100), 67 (32), 55 (23), 41
(41); HRMS (ESI): m/z : calcd for C14H22ONa [M+ +Na]: 229.1563,
found: 229.1561.


Compound (R)-23 : Pyridine (0.12 mL, 1.5 mmol), 4-nitrobenzoyl chloride
(0.27 g, 1.5 mmol) and DMAP (30 mg, 0.25 mmol) were successively
added to a solution of compound (R)-4 (100 mg, 0.5 mmol) in CH2Cl2
(5 mL) at 0 8C and the resulting mixture was allowed to reach ambient
temperature. After stirring for 1 h, the reaction was quenched with pH 7
buffer (5 mL) and Et2O (5 mL), the aqueous phase was extracted with
Et2O (3R5 mL), the combined organic layers were washed with brine,
dried over Na2SO4, evaporated and the residue was purified by flash
chromatography (20% Et2O in pentanes) to give product (R)-23 as a col-
orless oil (110 mg, 62%). [a]20D =++20.1 (c=0.93 in CH2Cl2);


1H NMR
(400 MHz, CD2Cl2): d =8.29 (d, J=9.0 Hz, 2H), 8.21 (d, J=9.0 Hz, 2H),
5.75 (ddd, J=7.7, 6.5, 2.1 Hz, 1H), 5.12–5.07 (m, 1H), 4.95 (d, J=1.0 Hz,
1H), 4.94 (br s, 1H), 2.72 (dd, J=14.9, 7.2 Hz, 1H), 2.64 (dd, J=14.9,
6.5 Hz, 1H), 2.59 (d, J=2.1 Hz, 1H), 2.21 (q, J=6.9 Hz, 1H), 1.98–1.92
(m, 2H), 1.67 (s, 3H), 1.58 (s, 3H), 1.52–1.45 (m, 1H), 1.37–1.27 (m, 1H),
1.04 ppm (d, J=6.9 Hz, 3H); 13C NMR (100 MHz, CD2Cl2): d=163.9,
151.1, 148.8, 135.6, 131.9, 131.2, 124.7, 123.9, 112.0, 81.1, 74.6, 64.5, 39.8,
39.6, 36.0, 26.2, 25.8, 19.9, 17.8 ppm; IR (film): ñ = 3293, 2963, 2923,
2855, 1729, 1528, 1345, 1261, 1099, 1014, 872, 718 cm�1; MS (70 eV): m/z
(%): 355 (0.3) [M+], 150 (30), 145 (20), 104 (14), 91 (11), 82 (100), 67
(18), 55 (17), 41 (29); HRMS (CI): m/z : calcd for C21H25NO4 [M+]:
356.1862, found: 356.1859.


Compound (S)-23 : Prepared analogously from (S)-4 (0.13 g, 0.63 mmol)
as a colorless oil (0.13 g, 58%). [a]20D =�42.7 (c=0.72 in CH2Cl2);
1H NMR (400 MHz, CD2Cl2): d=8.29 (d, J=9.0 Hz, 2H), 8.21 (d, J=


9.0 Hz, 2H), 5.75 (ddd, J=8.7, 6.6, 2.2 Hz, 1H), 5.10–5.06 (m, 1H), 4.95
(d, J=1.1 Hz, 1H), 4.94 (br s, 1H), 2.74–2.63 (m, 2H), 2.59 (d, J=2.1 Hz,
1H), 2.45–2.16 (m, 1H), 1.93 (q, J=7.5 Hz, 2H), 1.66 (s, 3H), 1.55 (s,
3H), 1.51–1.44 (m, 1H), 1.39–1.30 (m, 1H), 1.05 ppm (d, J=6.9 Hz, 3H);
13C NMR (100 MHz, CD2Cl2): d=163.9, 151.1, 148.8, 135.6, 131.8, 131.2,
124.7, 123.9, 112.0, 81.1, 74.6, 64.5, 39.8, 39.6, 35.9, 26.2, 25.7, 20.0,
17.7 ppm; IR (film): ñ = 3289, 2963, 2923, 2855, 1729, 1528, 1345, 1264,
1099, 1014, 872, 718 cm�1; MS (70 eV): m/z (%): 355 (0.3) [M+], 150
(31), 145 (21), 104 (14), 91 (11), 82 (100), 67 (19), 55 (17), 41 (29);
HRMS (ESI): m/z : calcd for C21H25NO4 [M


+]: 356.1862, found: 356.1858.


Compound 26 : Prepared analogously from (S)-25 (29 mg, 0.2 mmol) as a
colorless oil (55 mg, 91%). [a]20D =�29.9 (c=0.8 in CH2Cl2);


1H NMR
(400 MHz, CD2Cl2): d =8.31–8.27 (m, 2H), 8.23–8.19 (m, 2H), 5.75 (ddd,
J=8.6, 5.6, 1.2 Hz, 1H), 4.94 (br s, 1H), 4.91 (br s, 1H), 2.78–2.66 (m,
2H), 2.59 (d, J=2.2 Hz, 1H), 2.34 (qt, J=6.8 Hz, 1H), 1.06 (d, J=


6.8 Hz, 3H), 1.06 ppm (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CD2Cl2):
d=163.9, 151.1, 150.2, 135.6, 131.2, 123.9, 111.0, 81.0, 74.5, 64.5, 40.2,
34.0, 21.9, 21.7 ppm; IR (film): ñ = 3293, 2963, 2870, 1727, 1526, 1343,
1259, 1098, 1013, 871, 717 cm�1; MS (70 eV): m/z (%): 272 (<1) [M+-15],
150 (100), 120 (21), 105 (50), 76 (12), 41 (11); HRMS (CI): m/z : calcd for
C16H18NO4 [M


+ +H]: 288.1236, found: 288.1235.


Compound 24 : AuCl3ACHTUNGTRENNUNG(pyridine) (14 mg, 40 mmol) was added to a solution
of compound (S)-23 (0.13 g, 0.37 mmol) in CH2Cl2 (4 mL) and the result-
ing mixture was stirred for 5 h at ambient temperature. Silica gel was
added and the solvent removed under reduced pressure. Purification of
the product by flash chromatography (20% Et2O in pentanes) gave enol
ester 24 as a pale yellow syrup (95 mg, 73%, dr �19:1). [a]20D =++19.4
(c=0.75 in CH2Cl2);


1H NMR (400 MHz, CD2Cl2): d=8.31 (d, J=9.1 Hz,
2H), 8.25 (d, J=9.1 Hz, 2H), 5.27–5.25 (m, 1H), 5.14–5.10 (m, 1H), 2.50
(dd, J=17.2, 2.4 Hz, 1H), 2.30 (dt, J=14.4, 2.8 Hz, 1H), 2.04 (q, J=


7.5 Hz, 2H), 1.82–1.78 (m, 1H), 1.68 (d, J=0.8 Hz, 3H), 1.61 (s, 3H),
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1.57–1.49 (m, 1H), 1.39–1.23 (m, 2H), 0.98 (d, J=6.8 Hz, 3H), 0.88 (dd,
J=7.2, 4.1 Hz, 1H), 0.48 ppm (t, J=3.5 Hz, 1H); 13C NMR (100 MHz,
CD2Cl2): d=162.6, 154.4, 151.1, 135.6, 131.6, 131.3, 125.1, 124.9, 110.1,
38.2, 35.3, 32.2, 31.7, 27.3, 26.4, 25.8, 21.3, 17.8, 17.7 ppm; IR (film): ñ =


2962, 2915, 2870, 1740, 1528, 1347, 1259, 1143, 715 cm�1; MS (70 eV): m/z
(%): 355 (7) [M+], 270 (22), 150 (100), 104 (18), 69 (24), 41 (14); HRMS
(ESI): m/z : calcd for C21H25NO4Na [M+ +Na]: 378.1676, found: 378.1677.


Compound 27: Prepared analogously as a pale yellow solid (42 mg,
89%). M.p. 95–97 8C; [a]20D =++7.0 (c=0.9 in CH2Cl2);


1H NMR
(300 MHz, CD2Cl2): d =8.31 (d, J=9.1 Hz, 2H), 8.25 (d, J=9.2 Hz, 2H),
5.26 (bt, J=2.2 Hz, 1H), 2.51 (dt, J=17.2, 2.4 Hz, 1H), 2.31 (dt, J=17.2,
2.8 Hz, 1H), 1.79–1.74 (m, 1H); 1.55–1.46 (m, 1H), 1.01 (d, J=6.8 Hz,
3H), 0.95 (d, J=7.3 Hz, 1H), 0.94 ppm (d, J=6.9 Hz, 3H); 13C NMR
(100 MHz, CD2Cl2): d=162.6, 154.5, 135.6, 131.4, 131.3, 124.0, 110.0, 33.1,
32.7, 32.6, 26.2, 21.4, 19.9, 19.4 ppm; IR (film): ñ = 3115, 3060, 2959,
2870, 1735, 1526, 1343, 1262, 1139, 1073, 873, 845, 713 cm�1; MS (70 eV):
m/z (%): 287 (6) [M+], 244 (12), 150 (100), 104 (16); HRMS (ESI): m/z :
calcd for C16H17NO4Na [M+ +Na]: 310.1050, found: 310.1052.


Compound 5 : LiOH (18 mg, 0.76 mmol) was added to a solution of com-
pound 24 (90 mg, 0.25 mmol) in THF (5 mL) and water (0.5 mL) and the
resulting mixture stirred for 2 h at ambient temperature. Silica gel was
added and the THF removed in vacuo. The loaded silica was added on
top of a silica gel column and the product eluded with 20% Et2O in pen-
tane to give ketone 5 as a colorless oil (47 mg, 91%). [a]20D =++16.2 (c=


1.62 in CH2Cl2);
1H NMR (400 MHz, CD2Cl2): d =5.10–5.05 (m, 1H),


2.15–1.89 (m, 6H), 1.67 (d, J=0.9 Hz, 3H), 1.61–1.60 (m, 1H), 1.59 (s,
3H), 1.53–1.44 (m, 1H), 1.37–1.28 (m, 2H), 1.12–1.08 (m, 1H), 1.05 (dd,
J=4.5, 3.2 Hz, 1H), 0.96 ppm (d, J=6.5 Hz, 3H); 13C NMR (100 MHz,
CD2Cl2): d=214.4, 131.9, 124.7, 38.9, 37.6, 34.7, 34.6, 33.4, 26.2, 25.7, 23.6,
19.3, 17.7, 17.1 ppm; IR (film): ñ = 2956, 2916, 2873, 1727, 1450, 1377,
1295, 1181, 1023, 914, 775 cm�1; MS (70 eV): m/z (%): 206 (28) [M+],
163 (20), 149 (14), 136 (17), 123 (67), 109 (21), 93 (34), 82 (52), 69 (92),
55 (54), 41 (100); HRMS (EI): m/z : calcd for C14H22O [M+]: 271.1671,
found: 271.1669.


Compound 6 : Prepared analogously as a colorless oil (33 mg 89%).
[a]20D =�27.2 (c=1.36 in CH2Cl2);


1H NMR (400 MHz, CD2Cl2): d=5.12–
5.08 (m, 1H), 2.14–1.94 (m, 5H), 1.88 (dd, J=10.6, 9.2 Hz, 1H), 1.68 (s,
3H), 1.61 (s, 3H), 1.52 (dd, J=8.9, 3.4 Hz, 1H), 1.48–1.40 (m, 1H), 1.35–
1.23 (m, 2H), 1.19–1.13 (m, 2H), 0.98 ppm (d, J=6.6 Hz, 3H); 13C NMR
(100 MHz, CD2Cl2): d=214.4, 131.8, 124.8, 38.9, 37.8, 34.6, 33.5, 33.5,
26.3, 25.8, 22.7, 21.4, 17.7, 17.6 ppm; IR (film): ñ = 2962, 2916, 2874,
1724, 1450, 1377, 1294, 1181, 1021, 917, 773 cm�1; MS (70 eV): m/z (%):
206 (27) [M+], 163 (22), 149 (13), 136 (16), 123 (55), 109 (21), 93 (34), 82
(53), 69 (96), 55 (75), 41 (100); HRMS (EI): m/z : calcd for C14H22O [M+


]: 206.1671, found: 206.1668.


Sabina ketone (28): Prepared analogously as a colorless oil (8 mg, 53%,
ee 80%). [a]20D =++18.1 (c=0.8 in CHCl3); Lit:


[32] [a]25D =++27.3 (c=2.34 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=2.19–2.07 (m, 2H), 1.99–1.95
(m, 2H), 1.64 (dd, J=9.0 Hz, 3.0 Hz, 1H), 1.57 (qt, J=6.8 Hz, 1H), 1.17
(dd, J=8.9, 4.5 Hz, 1H), 1.08–1.05 (m, 1H), 0.98 (d, J=6.8 Hz, 3H),
0.93 ppm (dd, J=6.9 Hz, 3H); 13C NMR (100 MHz, CD2Cl2): d=214.9,
39.5, 33.8, 33.2, 32.2, 23.6, 19.5, 19.3, 19.1 ppm; IR (film): ñ = 2960, 2874,
1721, 1466, 1178, 1020, 910, 772 cm�1; MS (70 eV): m/z (%): 138 (8) [M+


], 123 (15), 96 (72), 81 (100), 67 (49), 55 (54), 41 (43), 27 (18); HRMS
(ESI): m/z : calcd for C9H14O [M+]: 138.1047, found: 138.1045.


Sesquisabinene (7): A solution of ketone 5 (7.0 mg, 30 mmol) in THF
(0.5 mL) was added to a solution of Ph3P=CH2 (14 mg, 50 mmol) in THF
(1 mL) at �78 8C and the resulting mixture was allowed to warm to ambi-
ent temperature. After stirring for 45 min, the reaction was quenched
with aq. sat. NH4Cl (1 mL) and extracted with Et2O (3R2 mL). The com-
bined organic phases were dried over Na2SO4, adsorbed on silica gel and
purified by flash chromatography (pentanes) to give product 7 as a color-
less oil (4.8 mg, 69%). [a]20D =�48.5 (c=1.22 in CH2Cl2);


1H NMR
(300 MHz, CDCl3): d=5.12–5.06 (m, 1H), 4.80 (s, 1H), 4.62 (s, 1H), 2.14
(dd, J=16.1, 7.3 Hz, 1H), 2.06–1.92 (m, 3H), 1.77–1.66 (m, 2H), 1.68 (d,
J=1.1 Hz, 3H), 1.60 (br s, 4H), 1.51–1.42 (m, 1H), 1.35–1.18 (m, 2H),
0.93 (d, J=6.7 Hz, 3H), 0.66 (dd, J=4.3, 3.5 Hz, 1H), 0.57 ppm (ddd, J=


0.6, 4.6, 8.2 Hz, 1H); 13C NMR (75 MHz, CDCl3): d =154.2, 131.1, 125.0,


101.8, 37.8, 36.7, 34.6, 31.2, 28.8, 26.7, 26.1, 25.7, 18.0, 17.7, 16.1 ppm; IR
(film): ñ = 3073, 2957, 2927, 2867, 1652, 1446, 1375, 862 cm�1; MS
(70 eV): m/z (%): 204 (21) [M+], 161 (49), 133 (30), 120 (30), 109 (19),
93 (60), 79 (23), 69 (100), 55 (30), 41 (58); HRMS (EI): m/z : calcd for
C15H24 [M


+]: 204.1878, found: 204.1879.


Sesquisabinene B (37): Prepared analogously as a colorless oil (4.6 mg,
66%). [a]20D =++53.6 (c=0.92 in CH2Cl2);


1H NMR (300 MHz, CDCl3):
d=5.13–5.07 (m, 1H), 4.80 (s, 1H), 4.62 (s, 1H), 2.15 (dd, J=15.8, 9.2,
1H), 2.08–1.94 (m, 3H), 1.82–1.71 (m, 1H), 1.68 (s, 3H), 1.65–1.59 (m,
1H), 1.61 (s, 3H), 1.52 (dd, J=8.2, 3.4 Hz, 1H), 1.47–1.35 (m, 1H), 1.30–
1.16 (m, 2H), 0.94 (d, J=6.5 Hz, 3H), 0.74 (dd, J=4.4, 3.5 Hz, 1H),
0.66 ppm (ddd, J=8.2, 4.6, 1.2 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=


154.5, 131.2, 124.9, 101.6, 38.0, 36.8, 35.2, 29.7, 29.0, 26.3, 26.2, 25.7, 18.3,
17.7, 17.4 ppm; IR (film): ñ = 3073, 2957, 2927, 2867, 1652, 1446, 1375,
862 cm�1; MS (70 eV): m/z (%): 204 (19) [M+], 161 (42), 133 (29), 120
(32), 109 (19), 93 (59), 79 (23), 69 (100), 55 (31), 41 (56); HRMS (EI):
m/z : calcd for C15H24 [M


+]: 204.1878, found: 204.1880.


cis-Sesquisabinene hydrate (33): MeMgBr (3m in Et2O, 23 mL) was added
to a solution of compound 5 (6.7 mg, 30 mmol) in Et2O (0.5 mL) at 0 8C
and the resulting mixture stirred for 5 min before it was quenched with
aq. sat. NH4Cl (0.5 mL). The mixture was filtered through Na2SO4 and
the filtrate evaporated to give product 33 in analytically pure form as a
colorless oil (6.8 mg, 95%). [a]20D =�10.3 (c=1.2 in CHCl3); [a]


22
D =�10.4


(c=0.4 in CHCl3), lit. :[36] [a]20D =�12 (c=1.3 in CHCl3);
1H NMR


(400 MHz, CDCl3): d =5.10–5.06 (m, 1H), 2.07–1.98 (m, 1H), 1.95–1.85
(m, 1H), 1.68 (s, 3H), 1.64–1.52 (m, 3H), 1.60 (s, 3H), 1.49–1.38 (m, 2H),
1.35 (s, 3H), 1.30–1.22 (m, 2H), 1.10 (dd, J=7.6, 3.4 Hz, 2H), 0.89 (d, J=


6.8 Hz, 3H), 0.65 (dd, J=4.8, 3.7 Hz, 1H), 0.29 ppm (dd, J=7.6, 5.1 Hz,
1H); 13C NMR (100 MHz, CDCl3): d=131.3, 124.8, 79.4, 37.6, 36.1, 34.3,
33.9, 33.2, 28.1, 26.1, 25.8, 25.7, 17.7, 17.1, 11.3 ppm; IR (film): ñ = 3349,
2959, 2924, 2866, 1451, 1374, 1127, 985, 925 cm�1; MS (70 eV): m/z (%):
222 (5) [M+], 207 (36), 189 (10), 161 (30), 151 (11), 137 (26), 119 (60),
109 (29), 93 (54), 82 (82), 69 (100), 55 (43), 29 (11); HRMS (ESI): m/z :
calcd for C15H26ONa [M+ +Na]: 245.1876, found: 245.1877.


7-epi-cis-Sesquisabinene hydrate (39): Prepared analogously from ketone
6 as a colorless oil (6.7 mg, 97%); [a]20D =++26.3 (c=1.2 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d =5.10–5.07 (m, 1H), 2.00 (q, J=7.6 Hz,
2H), 1.68 (s, 3H), 1.64–1.53 (m, 3H), 1.60 (s, 3H), 1.45–1.36 (m, 2H),
1.34 (s, 3H), 1.30–1.17 (m, 2H), 1.05 (q, J=6.9 Hz, 1H), 1.00 (dd, J=7.5,
3.7 Hz, 1H), 0.93 (d, J=6.7 Hz, 3H), 0.73 (dd, J=4.7, 4.0 Hz, 1H),
0.34 ppm (dd, J=7.9, 5.1 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=


131.2, 124.9, 79.4, 37.8, 36.1, 34.9, 33.1, 32.4, 27.9, 26.2, 25.7, 24.6, 17.7,
17.4, 13.1 ppm; IR (film): ñ = 3359, 2959, 2925, 2865, 1451, 1374, 1125,
985, 925 cm�1; MS (70 eV): m/z (%): 222 (3) [M+], 204 (31), 161 (23),
137 (20), 119 (48), 109 (27), 93 (53), 82 (80), 69 (100), 55 (48), 42 (91), 29
(15); HRMS (ESI): m/z : calcd for C15H26ONa [M+ +Na]: 245.1876,
found: 245.1876.


7-epi-Sesquithujene (36): A freshly prepared solution of LDA (1m in
THF, 50 mmol) was added to a solution of ketone 5 (8.0 mg, 40 mmol) in
THF (0.5 mL) at �78 8C and the resulting mixture was stirred for 30 min
before a solution of 2-pyridyl-NTf2 (Comins reagent, 18 mg, 50 mmol) in
THF (0.5 mL) was introduced. The mixture was allowed to reach ambi-
ent temperature and stirred for 30 min until TLC showed full conversion.
The solution was then cooled to �30 8C before NMP (35 mL, 0.39 mmol)
and Fe ACHTUNGTRENNUNG(acac)3 (1.4 mg, 4mmol) were introduced. MeMgBr (3m in Et2O,
40 mL) was added dropwise and the resulting mixture stirred for 45 min
at that temperature. A standard extractive work up followed by flash
chromatography (pentanes) afforded product 36 as a colorless oil
(4.7 mg, 60%). [a]20D =++30.2 (c=0.7 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d=5.13–5.06 (m, 1H), 4.95 (br s, 1H), 2.40–2.33 (m, 1H), 2.18–
2.10 (m, 1H), 2.00–1.93 (m, 2H), 1.75 (q, J=1.9 Hz, 3H), 1.68 (d, J=


1.1 Hz, 3H), 1.59 (s, 3H), 1.51–1.38 (m, 2H), 1.35–1.13 (m, 2H), 0.93 (d,
J=6.7 Hz, 3H), 0.68 (dd, J=7.5, 3.5 Hz, 1H), 0.01 ppm (t, J=3.2 Hz,
1H); 13C NMR (75 MHz, CDCl3): d =145.0, 131.0, 125.2, 120.9, 38.0, 36.1,
35.2, 33.2, 32.5, 26.1, 25.7, 21.5, 18.1, 17.6, 16.3 ppm; IR (film): ñ = 3043,
2963, 2913, 2855, 1448, 1376, 1025, 1009, 806, 778 cm�1; MS (70 eV): m/z
(%): 204 (7) [M+], 119 (100), 105 (17), 93 (89), 77 (20), 69 (32), 56 (15),
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41 (29); HRMS (EI): m/z : calcd for C15H24 [M+]: 204.1878, found:
204.1878.


Sesquithujene (9): Prepared analogously from ketone 6 as a colorless oil
(4.6 mg, 58%). [a]20D =�8.9 (c=0.6 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=5.15–5.08 (m, 1H), 4.94 (br s, 1H), 2.43–2.35 (m, 1H), 2.15–
2.00 (m, 3H), 1.77–1.75 (m, 3H), 1.69 (d, J=1.0 Hz, 3H), 1.60 (s, 3H),
1.49–1.38 (m, 1H), 1.34–1.23 (m, 2H), 1.19–1.11 (m, 1H), 0.93 (d, J=


6.6 Hz, 3H), 0.76 (dd, J=7.5, 3.5 Hz, 1H), 0.10 ppm (t, J=3.3 Hz, 1H);
13C NMR (100 MHz, CDCl3): d=145.2, 131.0, 125.1, 120.9, 38.1, 35.5,
35.3, 33.1, 30.9, 26.2, 25.7, 23.7, 17.9, 17.6, 16.3 ppm; IR (film): ñ = 2963,
2913, 2851, 1641, 1447, 1376, 1026, 779 cm�1; MS (70 eV): m/z (%): 204
(7) [M+], 119 (100), 105 (20), 93 (94), 77 (22), 69 (34), 56 (16), 41 (32);
HRMS (EI): m/z : calcd for C15H24 [M


+]: 204.1878, found: 204.1877.


trans-Sesquisabinene hydrate (34): A solution of compound 7 (3 mg,
15 mmol) in THF (0.1 mL) was added to a solution of Hg ACHTUNGTRENNUNG(OAc)2 (4.6 mg,
15 mmol) in water (0.1 mL) and THF (0.1 mL). The yellow color of the
reaction mixture disappeared instantaneously and the reaction was
quenched after 5 minutes upon addition of aq. NaOH (3m, 0.1 mL) and
NaBH4 (0.5m in 3m NaOH, 0.1 mL). A standard extractive work up gave
product 34 as a colorless oil (1.7 mg, 53%). [a]20D =�7.8 (c=0.84 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=5.12–5.06 (m, 1H), 2.10–1.94
(m, 2H), 1.89–1.78 (m, 1H), 1.67 (d, J=1.0 Hz, 3H), 1.62 (d, J=8.1 Hz,
1H), 1.60 (s, 3H), 1.57–1.43 (m, 2H), 1.39 (brs, 1H), 1.35–1.23 (m, 2H),
1.30 (s, 3H), 1.21–1.14 (m, 1H), 1.09 (ddd, J=8.3, 4.8, 3.5 Hz, 1H), 0.91
(d, J=6.7 Hz, 3H), 0.34 (ddd, J=8.4, 5.2, 0.7 Hz, 1H), 0.22 ppm (dd, J=


5.1, 3.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=131.2, 124.9, 80.6, 37.3,
36.5, 34.9, 34.3, 26.1, 25.8, 25.7, 25.2, 17.7, 13.6 ppm; IR (film): ñ = 3387,
2962, 2927, 2866, 1452, 1374, 1106, 916 cm�1; MS (70 eV): m/z (%): 222
(1) [M+], 204 (38), 161 (20), 137 (16), 121 (80), 107 (30), 93 (65), 82
(100), 69 (84), 55 (39), 43 (73), 29 (10); HRMS (ESI): m/z : calcd for
C15H26ONa [M+ +Na]: 245.1876, found: 245.1874.


7-epi-trans-Sesquisabinene hydrate (38): Prepared analogously from
alkene 37 as a colorless oil (1.6 mg, 49%). [a]20D =++24.6 (c=1.66 in
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=5.11–5.07 (m, 1H), 2.01 (q, J=


7.5 Hz, 2H), 1.90–1.82 (m, 1H), 1.68 (s, 3H), 1.60 (s, 3H), 1.56–1.50 (m,
2H), 1.47–1.39 (m, 2H), 1.31–1.19 (m, 2H), 1.29 (s, 3H), 1.16–1.08 (m,
1H), 1.01–0.98 (m, 4H), 0.41 (dd, J=7.7, 5.3 Hz, 1H), 0.31 ppm (dd, J=


5.1, 3.7 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=131.2, 124.9, 80.5, 37.5,
36.6, 35.4, 34.0, 33.8, 26.2, 25.7, 24.9, 24.8, 17.8, 17.7, 15.5 ppm; IR (film):
ñ = 3399, 2963, 2926, 2866, 1452, 1375, 1115, 918 cm�1; MS (70 eV): m/z
(%): 222 (9) [M+], 204 (29), 161 (21), 137 (20), 121 (59), 107 (27), 93
(58), 82 (100), 69 (93), 55 (41), 43 (79), 29 (11); HRMS (ESI): m/z : calcd
for C15H26ONa [M+ +Na]: 245.1876, found: 245.1874.


Compound 29 : Ozone was bubbled through a solution of compound 5
(45 mg, 0.22 mmol) in CH2Cl2 (2 mL) at �78 8C until a pale blue color
persisted. The mixture was purged with argon to remove excess ozone
before Me2S (36 mL, 0.44 mmol) and Et3N (60 mL, 0.42 mmol) were intro-
duced. After stirring for 10 min at �78 8C, the mixture was allowed to
reach ambient temperature and additional Et3N (60 mL, 0.42 mmol) was
added. After stirring for 30 min, the mixture was adsorbed on silica and
the product eluded with 50% Et2O in pentanes to give compound 29 as a
colorless oil (33 mg, 84%). [a]20D =++37.5 (c=2.0 in CH2Cl2);


1H NMR
(400 MHz, CD2Cl2): d=9.73 (t, J=1.5 Hz, 1H), 2.51–2.35 (m, 2H), 2.16–
2.01 (m, 2H), 1.98–1.95 (m, 2H), 1.86–1.77 (m, 1H), 1.65–1.55 (m, 2H),
1.39–1.30 (m, 1H), 1.11 (tdd, J=9.0, 4.7, 1.1 Hz, 1H), 1.07 (dd, J=4.7,
3.3 Hz, 1H), 0.97 ppm (d, J=6.9 Hz, 3H); 13C NMR (100 MHz, CD2Cl2):
d=214.0, 202.4, 42.2, 38.4, 37.5, 34.5, 33.3, 26.4, 23.6, 19.0, 17.0 ppm; IR
(film): ñ = 2956, 2933, 2875, 2723, 1714, 1461, 1446, 1379, 1259, 1176,
1025, 916, 776 cm�1; MS (70 eV): m/z (%): 180 (7) [M+], 147 (23), 136
(88), 123 (73), 105 (13), 96 (33), 79 (79), 67 (77), 55 (100), 41 (86), 29
(54); HRMS (EI): calcd for C11H16O2Na [M+ +Na]: 180.1150, found:
180.1151.


Compound 32 : NaH (6 mg, 0.23 mmol) was added to a solution of phos-
phonate 30 (91 mg, 0.25 mmol)[48] in THF (0.5 mL) at 0 8C and the result-
ing mixture stirred for 30 min before it was transferred via cannula into a
solution of 29 (30 mg, 0.17 mmol) in THF (0.5 mL) at �78 8C. The mix-
ture was stirred for 30 min and then allowed to reach 0 8C. After stirring
for 1 h, the reaction was quenched with the minimum amount of aq. sat.


NH4Cl, the entire mixture adsorbed on silica gel and product 31 eluded
with 50% Et2O in pentanes. This material was used in the next step with-
out further characterization. A solution of Ph3P=CH2 (14 mg, 0.05 mmol)
in THF (1 mL) was added to a solution of compound 31 thus obtained in
THF (0.5 mL) at �78 8C and the mixture allowed to reach ambient tem-
perature. After stirring for 45 min, the reaction was quenched with aq.
sat. NH4Cl, the mixture adsorbed on silica gel and the product eluded
with 20% Et2O in pentanes to give compound 32 as a colorless oil
(22 mg, 50%). [a]20D =�53.8 (c=1.44 in CH2Cl2);


1H NMR (400 MHz,
CD2Cl2): d=5.89 (qt, J=7.4, 1.3 Hz, 1H), 4.78 (br s, 1H), 4.61 (br s, 1H),
4.16 (q, J=7.1H, 2H), 2.46–2.32 (m, 2H), 2.17–2.10 (m, 1H), 2.05–1.94
(m, 1H), 1.86 (dd, J=2.7, 1.3 Hz, 3H), 1.76–1.67 (m, 2H), 1.61–1.50 (m,
2H), 1.41–1.34 (m, 1H), 1.28 (t, J=7.1 Hz, 3H), 1.25–1.21 (m, 1H), 0.93
(d, J=6.8 Hz, 3H), 0.66 (dd, J=4.3, 3.4 Hz, 1H), 0.58 ppm (dd, J=8.0,
4.3 Hz, 1H); 13C NMR (100 MHz, CD2Cl2): d=168.3, 154.5, 142.8, 127.5,
101.9, 60.3, 38.4, 37.0, 34.5, 31.4, 29.1, 28.1, 27.1, 20.8, 17.9, 16.3,
14.5 ppm; IR (film): ñ = 3073, 2954, 2931, 2868, 1714, 1651, 1456, 1372,
1220, 1185, 1139, 1098, 1026, 862 cm�1; MS (70 eV): m/z (%): 262 (6)
[M+], 216 (12), 141 (16), 133 (16), 119 (100), 105 (19), 93 (65), 77 (28), 67
(16), 55 (18), 41 (22), 29 (17); HRMS (ESI): m/z : calcd for C17H26O2Na
[M+ +Na]: 285.1825, found: 285.1823.


Compound 8 : Dibal-H (1.0m in toluene, 0.12 mL) was added to a solu-
tion of compound 32 (20 mg, 0.08 mmol) in THF (1 mL) at �78 8C and
the mixture was allowed to warm to 0 8C. After stirring for 5 min, addi-
tional Dibal-H (1.0m in toluene, 0.08 mL) was introduced and stirring
continued for 30 min. The reaction was quenched by the slow addition of
MeOH (1 mL) followed by an aq. sat. solution of Rochelle salt (1 mL).
After stirring for 30 min, a clear separation of the phases was reached.
The aqueous layer was extracted with Et2O, the combined organic phases
were evaporated and the product purified by flash chromatography
(20% Et2O in pentanes) to give alcohol 8 as a colorless oil (15 mg,
88%). [a]27D =�38.9 (c=1.1 in hexanes), lit. :[18a] [a]27D =�37.9 (c=1.19 in
hexanes); 1H NMR (300 MHz, C6D6): d=5.18 (t, J=7.3 Hz, 1H), 5.00
(br s, 1H), 4.79 (br s, 1H), 3.97 (s, 2H), 2.10–1.86 (m, 4H), 1.76 (d, J=


1.2 Hz, 3H), 1.67–1.55 (m, 2H), 1.51–1.39 (m, 2H), 1.29–1.17 (m, 1H),
1.08–1.01 (m, 2H), 0.86 (d, J=6.7 Hz, 3H), 0.58 (dd, J=4.2, 3.5 Hz, 1H),
0.42 ppm (ddd, J=7.7, 4.6, 1.1 Hz, 1H); 13C NMR (75 MHz, C6D6): d=


153.8, 135.1, 102.5, 61.5, 38.1, 36.6, 35.3, 31.8, 29.1, 26.7, 25.9, 21.4, 18.3,
16.3 ppm; IR (film): ñ = 3310, 3073, 2954, 2928, 2867, 1709, 1652, 1455,
1375, 1251, 1110, 1005, 862, 837 cm�1; MS (70 eV): m/z (%): 220 (17)
[M+], 161 (17), 145 (10), 133 (32), 121 (52), 105 (26), 93 (100), 79 (46), 69
(40), 55 (34), 43 (79), 20 (17); HRMS (EI): m/z : calcd for C15H24O [M+]:
220.1827, found: 220.1825.


Compound 41d : Ketone ent-46 (50 mg, 0.2 mmol), Bu4NHSO4 (3.4 mg,
0.01 mmol) and Na2B4O7·10H2O (0.05m in Na2EDTAaq (0.4 mm), 2.4 mL)
were successively added to a solution of compound 6 (20 mg, 0.1 mmol)
in dimethoxymethane/MeCN (2/1, 2 mL). The resulting mixture was vigo-
rously stirred at 0 8C while solutions of K2CO3 (0.15 g, 1.1 mmol) in H2O
(1.2 mL) and Oxone (0.17 g, 0.3 mmol) in aq. Na2EDTA (0.4 mm,
1.2 mL) were added dropwise. Once the addition was complete, the reac-
tion was allowed to stir for 20 min at 0 8C before it was diluted with
water (1 mL). The aqueous phase was extracted with Et2O (3R5 mL),
the combined organic layers were dried over Na2SO4 and evaporated,
and the residue purified by flash chromatography (40% Et2O in pen-
tanes) to give compound 41d as a colorless oil (17 mg, 74%). The diaste-
reomeric ratio (dr 8:1) was determined by GC (50 m SE-54 0.32/0.53df
G/358, 1 0.32 mm, 220/105 410 min, 8 min 320, 5 min 350 8C, 0.63 bar
H2). [a]


20
D =�29.1 (c=0.5 in CH2Cl2);


1H NMR (400 MHz, CD2Cl2): d=


2.68–2.64 (m, 1H), 2.20–1.84 (m, 4H), 1.67–1.52 (m, 4H), 1.43–1.30 (m,
2H), 1.27 (s, 3H), 1.24 (s, 3H), 1.20–1.14 (m, 2H), 1.00 ppm (d, J=


6.6 Hz, 3H); 13C NMR (100 MHz, CD2Cl2): d =214.2, 64.5, 58.2, 38.8,
38.3, 33.5, 33.4, 31.3, 27.5, 25.0, 22.7, 21.3, 18.8, 17.5 ppm; IR (film): ñ =


2959, 1875, 1719, 1459, 1378, 1177, 1119, 1023, 863, 775 cm�1; MS (70 eV):
m/z (%): 222 (0.2) [M+], 136 (100), 123 (71), 107 (13), 93 (20), 79 (33),
67 (26), 55 (26), 41 (73), 27 (32); HRMS (EI): m/z : calcd for C14H22O2Na
[M+ +Na]: 245.1512, found: 245.1510


Compound 45 : A freshly prepared solution of LDA (0.1m in THF,
0.5 mL) was added to a solution of compound 41d (dr 8:1, 11 mg,
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50 mmol) in THF (0.5 mL) at �78 8C. After stirring for 20 min at this tem-
perature, 2-pyridyl-NTf2 (Comins reagent, 24 mg, 60 mmol) was intro-
duced and the resulting mixture allowed to reach ambient temperature.
Stirring was continued for 30 min before the mixture was cooled to
�35 8C. NMP (46 mL, 0.50 mmol), Fe ACHTUNGTRENNUNG(acac)3 (2 mg, 5 mmol) and MeMgBr
(3m in Et2O, 27 mL) were then added successively and the ensuing cross
coupling reaction quenched after 5 min at �35 8C by addition of aq. sat.
NH4Cl (100 mL). The mixture was adsorbed on silica which was placed
on top of a flash column packed with silica gel. The product was eluded
with 10% Et2O in pentanes to give compound 45 as a colorless oil (8 mg,
dr 8:1, 72%). [a]20D =�17.9 (c=0.5 in CHCl3);


1H NMR (400 MHz,
CDCl3): d=4.94 (br s, 1H), 2.73–2.70 (m, 1H), 2.40 (dt, J=17.0, 2.2 Hz,
1H), 2.14–2.09 (m, 1H), 1.76 (d, J=1.7 Hz, 3H), 1.65–1.57 (m, 3H),
1.36–1.30 (m, 2H), 1.31 (s, 3H), 1.27 (s, 3H), 1.20–1.16 (m, 1H), 0.95 (d,
J=6.8 Hz, 3H), 0.76 (dd, J=7.5, 3.5 Hz, 1H), 0.11 ppm (t, J=3.2 Hz,
1H); 13C NMR (100 MHz, CDCl3): d=145.1, 120.9, 64.7, 58.1, 38.4, 35.4,
33.1, 31.9, 31.0, 27.1, 24.9, 23.7, 18.7, 17.8, 16.3 ppm; IR (film): ñ = 3038,
2959, 2925, 2846, 1687, 1641, 1447, 1377, 1220, 1126, 776 cm�1; MS
(70 eV): m/z (%): 220 (1) [M+], 145 (19), 132 (84), 119 (72), 105 (47), 93
(100), 77 (36), 71 (35), 55 (19), 43 (38), 29 (10); HRMS (EI): m/z : calcd
for C15H24O [M+]: 220.1827, found: 220.1820.
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Reactions of Uranium Atoms with Ammonia: Infrared Spectra and Quasi-
Relativistic Calculations of the U:NH3, H2N�UH, and HN=UH2 Complexes


Xuefeng Wang,[a] Lester Andrews,*[a] and Colin J. Marsden[b]


Introduction


Several imido analogues of the uranyl dication (UO2
2+)


have recently been synthesized. These R�N=U=N�R com-
pounds contain short ((1.85�0.01) %) multiple bonds to
uranium.[1] The simple NUN molecule, which is isoelectronic
to uranyl, has been characterized experimentally only by
matrix isolation spectroscopy, and a 1.73 % bond length has
been computed by using the B3LYP density functional.[2–4]


A comparable short 1.74 % N�U triple bond has been pre-
dicted for NUIr.[5] A molecular actinide complex containing
a metal–nitride unit has been synthesized, which opens the
way to new comparative investigations of metal–ligand mul-
tiple bonds.[6] The simple terminal uranium nitride complex
N�UF3 has recently been prepared in this laboratory from
the favorable reaction of U atoms and NF3 molecules.[7] The
N�UF3 molecule contains a strong uranium nitrogen triple
bond with calculated 1.76 (CASPT2) and 1.75 % (PW91)
lengths. Important chemical applications of multiple bonds
with actinide elements have been discussed.[8]


Recently, thorimine, HN=ThH2, has been investigated in
our laboratories, and the role of 5f orbitals in the formation
of additional p bonding through conjugation of the nitrogen
lone electron pair has been addressed.[9] How will HN=UH2


with electrons already in 5f orbitals behave toward the for-
mation of additional N�U p bonding? Thorimine, HN=


ThH2, and the Group 4 analogues are structurally quite dif-
ferent from the simplest organic imine, methyleneimine,[10–13]


and conjugation of the nitrogen lone pair to the metal
center plays a vital role in the bonding and structure of
these metal imine molecules. The role of Th 5f orbital radial
overlap in methane activation has been highlighted.[14] In
the comparison with uranium, the known stability of the UVI


state invites consideration of the possible interesting N�
UH3 molecule, since the analogous Group 6 molecules N�
MoH3 and N�WH3 have just been prepared in this laborato-
ry.[15]


The related methylidene molecules CH2=ThH2 and CH2=


UH2 have been formed by methane activation through reac-
tion of the laser-ablated actinide metal atoms, and calcula-
tions have shown that the uranium species has a shorter
double bond and more agostic distortion.[16–18] Such distor-
tion has been discussed in the analogous early transition-
metal complexes, where in contrast it decreases in the
Group 4 to 5 to 6 methylidene complex series.[18,19]


We report here the first experimental and theoretical evi-
dence for the simple uranimine, HN=UH2, and explore the
multiple bonding in this new small uranium-bearing mole-
cule.


Abstract: Ammonia molecules interact
with U atoms, and the resulting U:NH3


complex rearranges upon visible irradi-
ation to form the H2N�UH and HN=


UH2 molecules in excess argon. These
products are identified by functional
group frequencies, 15NH3 and ND3 iso-
topic shifts, and comparison to frequen-


cies calculated by using density func-
tional theory. The N=U p bond in
HN=UH2 is enhanced by partial triple-


bond character through N(2p) to U(5f)
conjugation, which is comparable to
that found in the analogous HN=ThH2


molecule. These products also form
complexes with additional ammonia
molecules in the matrix. The interest-
ing higher-energy N�UH3 complex is
not formed.


Keywords: density functional calcu-
lations · IR spectroscopy · matrix
isolation · uranimine · uranium
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Experimental and Computational Methods


The application of laser ablation and matrix isolation for infrared spec-
troscopic identification of new uranium-containing reaction product mol-
ecules has been described previously.[16,17, 19–21] The Nd:YAG laser funda-
mental (1064 nm, 10 Hz repetition rate, 10 ns pulse width) was focused
on a rotating uranium metal target (Oak Ridge National Laboratory)
using 5–20 mJ per pulse. Laser-ablated uranium atoms were co-deposited
with NH3 (typically 0.2%, but 0.5 and 0.1% were also employed) in
excess argon onto an 8 K CsI window at 2–3 mmolh�1. Ammonia (Math-
eson), ND3 (MSD Isotopes), and 15NH3 (Cambridge Isotopic Laborato-
ries) were used in different experiments. Deuterated ammonia was co-de-
posited directly from the cylinder through a Granville-Phillips leak valve
into the argon stream to minimize isotopic exchange with the system
(typically, the 830 cm�1 NHD2 absorption was 20% of the 760 cm�1 ND3


band intensity). The 15NH3 sample was exchanged with the sample
vacuum system until 80–90% enrichment was achieved. Infrared spectra
were recorded at 0.5 cm�1 resolution on a Nicolet 550 spectrometer with
0.1 cm�1 accuracy by using an HgCdTe detector. Matrix samples were ir-
radiated with a medium-pressure mercury arc lamp (Philips, 175W, globe
removed, l>220 nm) using glass filters, and annealed at different tem-
peratures before more spectra were recorded.


As described recently for thorium and ammonia oxidative addition reac-
tion products,[9] density functional theory (DFT) calculations were done
for expected uranium and ammonia reaction product molecules by using
the Gaussian 03 program system.[22] Standard all-electron triple-zeta basis
sets were used for N and H,[23] augmented with polarization functions (d-
type exponent 0.75 for N, p-type exponent 0.9 for H), whereas “very
small-core” pseudopotentials were adopted for U (60 electrons treated as
“core”, corresponding to those in atomic orbitals with a principal quan-
tum number of less than 5), together with the associated flexible basis
sets.[24] Two different versions of density functional theory were em-
ployed: B3LYP[25] and PW91.[26] The “ultrafine” grid was used for all cal-
culations of vibrational frequencies reported here. A few calculations of
the coupled-cluster type (CCSD and CCSD(T)) were undertaken,[27]


sometimes with geometry optimization, for purposes of comparison. Two
g-type functions were added to the uranium basis (exponents 1.5 and 0.5)
for these calculations, and excitations out of the 10 lowest-energy occu-


pied orbitals (the corelike 5s, 5p, and 5d on U together with 1s on N) and
into their high-energy virtual counterparts were excluded. In these calcu-
lations, excitations out of the 10 lowest-energy occupied orbitals and into
their virtual counterparts were excluded. Spin contamination was never
serious, as the values of S**2 did not exceed the ideal values of 2.0 for a
triplet or 6.0 for a quintet by more than 2%.


Results and Discussion


Laser-ablated U atoms react with NH3 molecules in excess
argon to produce two groups of new IR absorptions at
1488.6, 1349.8, and 508.5 cm�1 and at 1436.3, 1403.0, 819.9,
495.7, and 459.5 cm�1. Figure 1 illustrates the IR spectra.
The first group of absorptions (labeled H2NUH) was stron-
ger on sample deposition, and annealing to 20 and 25 K
sharpened the absorptions in both groups slightly, but in-
creased markedly a weak new absorption at 1138.2 cm�1 (la-
beled U:NH3) and produced a new band at 1102.4 cm�1 (la-
beled UACHTUNGTRENNUNG(NH3)2). Note that sample irradiation with l>530
and >470 nm light from a mercury arc increased the second
group (labeled HNUH2) and destroyed the first group and
the 1138.2 cm�1 feature. Subsequent annealing to 25 K
sharpened the second group of absorptions and restored
part of the 1138.2 cm�1 band. Lower-frequency satellite fea-
tures increased on annealing at 1429.7, 1417.9, 1390.6, and
1382.0 cm�1 and at 1340.8, 1334.4, and 1328.0 cm�1.
In the 800 cm�1 region, the weak 819.6 cm�1 UO absorp-


tion[20] contained a distinct 819.9 cm�1 shoulder (examined
under expanded frequency scale), which was clearly absent
with the 15NH3 precursor (Figure 2). This 819.9 cm


�1 should-
er (labeled HNUH2) gave way to an 817.0 cm�1 satellite on
annealing (labeled HNUH2ACHTUNGTRENNUNG(NH3)n). These two bands were


Figure 1. Infrared spectra for uranium and ammonia reaction products in solid argon at 8 K: a) after laser-ablated U atoms were co-deposited with a
0.2% NH3 sample in argon for 60 min, b) after annealing to 20 K, c) after annealing to 25 K, d) after irradiation at l>530 nm for 20 min, e) after irradia-
tion at l>470 nm for 20 min, f) after l =240–380 nm irradiation for 20 min, g) after annealing to 25 K. The band labeled NH2 is common to all ammonia
experiments with laser-ablated metal atoms.
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shifted to 797.2 and 792.5 cm�1 with the 15NH3 precursor.
Eight experiments were done with the 15NH3 reagent with
progressive enrichment exchange with the vacuum system to
correlate nitrogen isotopic components of the new product
absorptions. In the upper region the only new band to shift
(labeled H2NUH) on nitrogen-15 substitution was from
1488.6 to 1483.5 cm�1. In the lower region the 508.5 cm�1


band gives way on irradiation to absorptions at 495.7 and
459.5 cm�1, and annealing increases the 495.7, 465.1, and
451.7 cm�1 bands. The spectra in Figure 2 again show the
unique chemical behavior of the several product species ob-
served here. The photosensitive U:NH3 species is very weak
on sample deposition, but it increases on annealing, only to
be destroyed on visible irradiation. The first group of bands
(labeled H2NUH) gives over to the second group (labeled
HNUH2) on visible irradiation, which did not destroy the
satellite features (labeled H2NUH ACHTUNGTRENNUNG(NH3)). Final annealing
restores part of the U:NH3 absorption and increases the sat-
ellite bands (labeled HNUH2ACHTUNGTRENNUNG(NH3)n).
Spectra from an experiment with lower ammonia concen-


tration (0.1%) and lower laser energy with approximately
half of the uranium concentration as used in the Figure 1 ex-
periment are shown in Figure S1 in the Supporting Informa-
tion. The 1436.3, 1403.0, and 1349.8 cm�1 bands are, of
course, weaker, and the 1138.2 cm�1 band was not detected
on sample deposition. In this experiment sequential visible
irradiation was employed before annealing, and the 1436.3
and 1403.0 cm�1 bands increased at the expense of the
1349.8 cm�1 band, but ultraviolet irradiation reversed this
change in relative band intensities, and a second l>470 nm
irradiation reproduced the original effect. Annealing to


20 K did produce the weak 1138.2 cm�1 band, and annealing
to 30 K increased the 1103.0 cm�1 feature as well as the
above-described satellite absorptions for higher complexes,
but decreased the initial isolated product absorptions.
The uranium reaction products are weak in these laser-


ablation experiments in part because the uranium atom con-
centration produced by laser ablation is low owing to the re-
fractory nature of uranium metal. Thus, we believe it highly
unlikely that two uranium atoms contribute to the major
product species. In comparable experiments using Mo,
which is easier to ablate than U, the major product species
exhibits an Mo�N stretching mode with resolved natural
Mo isotopic splittings and confirms the presence of a single
Mo atom in this reaction product.[15]


Ammonia is known to diffuse and aggregate readily on
annealing matrix samples,[28] and the new satellite features
are appropriate for the product coordinated by additional
ammonia molecules. A broad band increased on annealing
at 1263 cm�1, which has been attributed to (UH)x species in
experiments with the H2 reagent.


[21] The NH2 radical band at
1495.6 cm�1 is common to laser-ablated metal experiments
with ammonia.[9,29] Additional weak absorptions were ob-
served at 1423.6 cm�1 (UH), and at 819.6 and 775.8 cm�1


(UO and UO2 from target surface contamination).[20,21] The
very weak UN2 absorption at 1051.1 cm�1 (A=0.001) indi-
cates a minimal air leak in our vacuum system as the U and
N2 reaction is very favorable.[3] Experiments were done with
ammonia concentrations of 0.5, 0.2, and 0.1% in argon, and
0.2% appeared to give the best results though band intensi-
ties followed sample concentration as expected. Laser
energy was also varied up and down by 50% and the bands
within the above absorption groups were tracked together
under these changes in reaction conditions. These were
among the most difficult experiments to perform under opti-
mum conditions that we have ever done. This is because
laser ablation provides heat to the condensing sample and
makes it difficult to isolate the rapidly diffusing ammonia
precursor molecule. Hence, we found that 12 K was not cold
enough and 8 K was required to isolate the simple products
of these reactions.
Five new absorptions were observed in four studies with


U and ND3, and only one of these, the ND2 radical band at
1107.0 cm�1 was observed in similar ND3 experiments with
other metals. Group one counterparts appeared at 1104.8
and 964.0 cm�1, group two bands were observed at 1024.6
and 1002.5 cm�1, and the U ammonia complex band was ob-
served at 883.4 cm�1, as shown in Figure 3. Unfortunately,
the group two band expected near 790 cm�1 was covered by
the (ND3)3 absorption at 792 cm�1. As with NH3, the latter
complex bands increased on annealing and disappeared on
irradiation, which increased group one and particularly
group two absorptions.
Following our investigation of Th and NH3 reaction prod-


ucts[9] and that of Zhou et al.[12,13] with Group 4 metal atoms,
structure and frequency calculations were performed for
U:NH3, H2N�UH, and HN=UH2 at the B3LYP and PW91
levels of theory. Recent work with CH3�UH and CH2=UH2


Figure 2. Infrared spectra for uranium and 15NH3 reaction products in
excess argon at 8 K: a) after laser-ablated U atoms were co-deposited
with a 0.5% ammonia sample (>90% nitrogen-15 enrichment), b) after
annealing to 20 K, c) after annealing to 25 K, d) after irradiation at l>


530 nm for 20 min, e) after irradiation at l>470 nm for 20 min, f) after
l=240–380 nm irradiation for 20 min, g) after annealing to 25 K.
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has shown that DFT calculations provide structures compa-
rable to the more rigorous CASPT2 method, even for open-
shell species if spin contamina-
tion is not serious.[17,18] Comput-
ed structures are illustrated in
Figure 4. Vibrational frequen-
cies computed for open-shell
actinide-containing systems are
also generally reliable, in our
experience.[4,17] Computed
structures and the calculated
frequencies are compared in
Tables 1 and 2 with observed
frequencies that we assign here
to the new H2N�UH and HN=


UH2 molecules in the 5A and
3A ground electronic states, re-
spectively, in C1 symmetry.


H2N�UH : The strongest ab-
sorption by far for the H2N�
UH molecule is the U�H
stretching mode calculated at
1382.2 (B3LYP) or 1387.8 cm�1


(PW91), and the 1349.8 cm�1


band with ammonia complex
satellites at 1340.8, 1334.4, and
1327.7 cm�1 is appropriate for
this vibrational fundamental.
The calculated frequency is 2.4
(B3LYP) or 2.8% (PW91) high
for the isolated molecule, which
is the order of agreement ex-
pected for DFT calculated har-


monic and observed frequencies.[19, 30,31] The lack of 15N shift
and large H/D isotopic frequency ratio (1349.8/964.0=


1.400) support this assignment. (The satellite absorptions ap-
peared at 1327.5, 1320.7, and 1311.7 cm�1 with a different in-
tensity profile in solid krypton, which is appropriate for


Figure 3. Infrared spectra for uranium and ND3 reaction products in
excess argon at 8 K: a) after laser-ablated U atoms were co-deposited
with a 0.5% ammonia sample (>90% deuterium enrichment), b) after
annealing to 20 K, c) after annealing to 25 K, d) after irradiation at l>


470 nm for 20 min, and e) after annealing to 23 K.


Figure 4. Structures calculated for a) U:NH3 (C3v), b) NH2�UH (C1),
c) HN=UH2 (C1), and d) N�UH3 (C3v) with parameters listed for calcula-
tions.


Table 1. Comparison of calculated harmonic and observed argon matrix frequencies for the H2N�UH uranium
hydride amine.[a]


H2N�UH H2
15N�UH D2N�UD Mode


B3LYP PW91 observed B3LYP observed B3LYP observed description


3557.8 (8) 3486.1 (7) –[b] 3548.0 – 2618.6 – N�H stretch
3468.2 (16) 3387.6 (11) –[b] 3463.3 – 2506.7 – a’ N�H stretch
1540.9 (50) 1484.1 (45) 1488.6 1535.9 1483.5 1144.5 1104.8 a’’ NH2 bend
1382.2 (379) 1387.8 (320) 1349.8 1382.2 1349.8 980.1 964.0 a’ U�H stretch
525.9 (97) 532.9 (75) – 511.8 – 490.9 – a’ N�U stretch
489.4 (124) 465.7 (108) 508.5 486.3 505.4 378.4 – a’’ H-N-U bend
409.5 (29) 392.9 (30) – 407.4 – 310.2 – a’ UH2 bend
252.0 (45) 237.2 (34) – 251.9 – 179.1 – a’’ UH2 bend
159.2 (21) 169.1 (15) – 159.2 – 112.7 – a’ NUH2 def


[c]


[a] All calculations used the TZP/SDD basis set, and all frequencies are in cm�1. Intensities are in kmmol�1.
The mode description gives the major coordinate, using local symmetry for the NH2 group. [b] Overlapped by
precursor band. [c] def=deformation.


Table 2. Comparison of calculated harmonic and observed argon matrix frequencies for the HN=UH2 uranim-
ACHTUNGTRENNUNGine.[a]


HN=UH2 H15N=UH2 DN=UD2 Mode
B3LYP PW91 observed B3LYP observed B3LYP observed description


3558.8 (67) 3470.4 (47) –[b] 3550.1 – 2611.9 – a’ N�H stretch
1465.2 (358) 1446.4 (346) 1436.3 1465.1 1436.3 1041.0 1024.6 a’ UH2 stretch
1420.4 (664) 1418.8 (540) 1403.0 1420.4 1403.0 1007.9 1002.5 a’’ UH2 stretch
837.9 (276) 821.0 (240) 819.9 813.7 797.2 805.6 –[b] a’ N=U stretch
520.9 ACHTUNGTRENNUNG(176) 514.8 (177) 495.7[c] 518.1 492.9[c] 397.9 – a’ H-N-U bend
483.8 (122) 486.1 (121) 459.5 481.8 456.7 368.7 – a’’ H-N-U bend
471.6 (126) 473.0 (47) ACHTUNGTRENNUNG[465.1][c] 470.9 ACHTUNGTRENNUNG[464.5][c] 336.0 – a’ UH2 bend
316.1(3) 286.0 (3) – 315.6 – 228.3 – a’’ UH2 bend
258.1 ACHTUNGTRENNUNG(178) 244.6 (150) – 257.7 – 186.2 – a’ NUH2 def


[d]


[a] All calculations used the TZP/SDD basis set, and all frequencies are in cm�1. Intensities are in kmmol�1.
The mode description gives the major coordinate, using local symmetry for the UH2 group. [b] Overlapped by
precursor band. [c] Contains contribution from product (ammonia complex). The 465.1 and 451.8 cm�1 bands
are due to this complex. [d] def=deformation.
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matrix site splittings.)[9] The weaker 1488.6 cm�1 band shows
the appropriate 15N shift (both B3LYP and PW91 calcd:
5.0 cm�1; obsd: 5.1 cm�1) and a lower H/D isotopic frequen-
cy ratio (1488.6/1104.8=1.352) for the NH2 bending mode,
which is calculated at 1540.9 (B3LYP, 3.5% high) or
1484.1 cm�1 (PW91, 0.3% low). The single photosensitive
absorption in the lower region is at 508.5 cm�1, and this
band shows a 3.1 cm�1 15N shift, which characterizes a H-N-
U bending mode. Such a mode is calculated at 489.4
(B3LYP) or 465.7 cm�1 (PW91), with 15N shifts of 3.1 and
3.0 cm�1, respectively, and is the strongest band in this
region, but it is computed to be only one third of the inten-
sity of the strong U�H stretching mode. Unfortunately the
DFT calculations do not perfectly describe the low frequen-
cy modes and their mixing for this molecule, and the U�N
stretching mode calculated at 525.9 (B3LYP) or 532.9 cm�1


(PW91) with a 14.1 (B3LYP) or 14.3 cm�1 (PW91) 15N shift
is not strong enough to be detected here. Finally, the N�H
stretching modes are too weak, based on calculated intensi-
ty, to be observed in these experiments.


HN=UH2 : Similarly to H2N�UH, the strongest IR absorp-
tions for the HN=UH2 molecule are the two U�H stretching
modes calculated at 1420.4 and 1465.2 (B3LYP) or 1446.4
and 1418.8 cm�1 (PW91), which are observed here at 1403.0
and 1436.3 cm�1 in solid argon (Table 2). These bands are
not displaced with 15N but shift to 1024.6 and 1002.5 cm�1 on
deuteration and show the large H/D isotopic frequency
ratios (1.402 and 1.400, respectively) expected for very
heavy metal hydride motions (UH4 shows a 1.3987 H/D fre-
quency ratio).[21] The diagnostic absorption for this molecule
is the U=N stretching frequency calculated at 837.9
(B3LYP) or 821.0 cm�1 (PW91) with a 24.2 (B3LYP) or
23.8 cm�1 (PW91) 15N shift, and the 819.9 cm�1 shoulder
(above the 819.6 cm�1 UO absorption) with 22.7 cm�1 15N
shift (Figure 2) confirms this assignment. Lower frequency
H-N-U bending modes calculated at 520.9 and 483.8
(B3LYP) or 514.8 and 486.1 cm�1 (PW91) are observed at
495.7 and 459.5 cm�1, and again, the N�H stretching mode is
too weak to be observed in a region filled with precursor ab-
sorptions.
The three bond-stretching modes observed here for HN=


UH2 are calculated at the B3LYP level to be 2.0, 1.2, and
2.2% higher than the observed argon matrix values, which is
very good agreement, slightly better than that found for the
analogous thorium imine product.[9] At the PW91 level, the
differences are even smaller, at 0.7, 1.1, and 0.1%. The
bending region is not predicted quite so well: the differences
between B3LYP (PW91) predictions and the observed
matrix observations are 5.1, 5.3, and 1.4% (3.9, 5.8, and
1.7%). When the eight observed modes are considered for
H2N�UH and HN=UH2 taken together, there is no overall
advantage for either of the DFT methods: the average
error, taking account of signs, is larger for B3LYP than for
PW91 (2.1 compared to 0.8%), but the spread about this
mean is smaller for B3LYP (1.7%, compared with 2.4% for
PW91). The unsigned average error is almost identical for


the two functionals: 3.0% for B3LYP and 2.9% for PW91.
These “errors” must be interpreted with care, since they
represent the difference between computed harmonic values
for the gas phase and observed anharmonic values in argon
matrices. Since the differences between these two types of
quantities can easily be 1–2%, the real message is that the
performance of both functionals is always good, and usually
very good, for the prediction of vibrational frequencies.
Both functionals give good, if not very good, predictions for
the isotopic shifts and there is no systematic preference for
one or the other.
The H2N�UH and HN=UH2 molecules are particularly


sensitive to formation of complexes with additional ammo-
nia molecules. The U�H stretching modes are most affected,
as attested by the several new satellite features that appear
below the isolated molecule absorptions assigned above and
increase on annealing. This suggests that the point of attach-
ment for the ammonia ligand in this complex is the metal
center. One such absorption is observed at 817.0 cm�1 below
the UO band, and the 15N counterpart is at 792.5 cm�1 as
shown in Figure 2. In the lower frequency region bending
modes are observed for the complex at 495.7 (coinciding
with absorptions of the isolated molecule), 465.1, and
451.7 cm�1. B3LYP calculations located complexes of NH3


with both H2N�UH and HN=UH2, in which the NH3 is
indeed bonded to U rather than hydrogen bonded to H(N).
The binding in these complexes is calculated to be surpris-
ingly strong, at 65 and 90 kJmol�1, respectively, but the cal-
culated vibrational characteristics do not match those ob-
served: the U�H stretching modes are predicted to decrease
substantially, by 50–125 cm�1, while gaining intensity.


U:NH3 : The U:NH3 complex is characterized by a single ab-
sorption at 1138.2 cm�1, and its 5.9 cm�1 isotopic 15NH3 shift
to 1132.3 cm�1 and large deuterium shift to 883.4 cm�1 with
H/D ratio of 1.288. These shifts may be compared to those
observed for the NH3 monomer itself in solid argon (15N
shift of 4.2 cm�1 and H/D ratio 1.282).[28] Our calculations
for U:NH3 predict one very strong absorption at 1175
(B3LYP) or 1129 cm�1 (PW91) corresponding to the very
strong ammonia umbrella bending mode, which is calculated
at 1000 (B3LYP) or 989 cm�1 (PW91) for ammonia itself.
The calculated wavenumbers are 2.7 (B3LYP) or 1.5%
(PW91) too high for ammonia itself and 3.2% high
(B3LYP) or 0.8% low (PW91) for the U:NH3 complex and
the predicted 15N shifts of 6.5 (B3LYP) or 6.6 cm�1 (PW91)
are slightly higher than our observed value. The increase in
15N shift in U:NH3 over NH3 itself (0.52% of the vibrational
wavenumber, compared to 0.43%) is due to increased N
motion in this mode between the three H atoms and the U
center. The 1138.2 cm�1 absorption for the U:NH3 complex
may be compared to the 1149.0 cm�1 measurement for
Th:NH3, the 1158.8 cm�1 frequency for Hf:NH3, and the
1188.0 cm�1 value for W:NH3.


[9,13,15]


The UACHTUNGTRENNUNG(NH3)2 complex absorption at 1102.4 cm�1 shifts to
1096.5 cm�1 with 15N, but the D counterpart was masked.
Higher NH3 complexes such as U ACHTUNGTRENNUNG(NH3)2 and UACHTUNGTRENNUNG(NH3)3 were
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studied at the B3LYP level of theory. The binding energy
for the dimer compared with the monomer is surprisingly
high, at 74 kJmol�1, whereas the trimer is bound by
41 kJmol�1 compared with the dimer. The dimer is predicted
to be essentially linear at U, but the intense umbrella mode
is only 11 cm�1 lower than that for the monomer, an appre-
ciably smaller shift than that observed (36 cm�1). We also
studied species containing an NH3 group linked to the NH3


in U:NH3 by a hydrogen bond, rather than two NH3 groups
both linked to U. A true minimum was found (C1 symme-
try), bound by 39 kJmol�1 (with respect to U:NH3+NH3) at
the B3LYP level. However, the IR spectra predicted for this
species (intense “umbrella” modes 82 cm�1 higher and
67 cm�1 lower than those for U:NH3) do not match that ob-
served and the exact nature of the observed higher complex
species remains unclear.


N�UH3 : The N�UH3 molecule is an isomer of H2N�UH
and HN=UH2 and is especially interesting due to its formal
triple bond, but there is no experimental evidence for its for-
mation in our experiments. Its spectroscopic detection
would be straightforward, since it has a characteristic strong
N�U stretching motion in the region near 1050 cm�1 that is
not obscured by other products or initial reagents. We note
that uranium compounds in the +6 oxidation state are not
stable unless very electronegative ligands are present. For
example, the decomposition of UH6 to UH4+H2 is calculat-
ed to be exothermic by 239 kJmol�1[32] and UH6 is not ob-
served in reactions of atomic U with dihydrogen[21a] in cir-
cumstances similar to those in which WH6 is readily
formed.[33,34] In addition, the HC�UH3 molecule is high
energy, but the HC�UF3 molecule is stable and observa-
ble.[17, 35]


The triple-bond length in N�UH3 is calculated to be
1.721 %, precisely that predicted from triple-bond radii.[36]


Thus, the instability of the N�UH3 molecule arises from the
lack of electronegative elements to stabilize the VI state,
and the weakness of the U�H bonds relative to N�H bonds.
Consistent with this conclusion, N�UF3 has recently been
prepared in reactions between laser-ablated uranium atoms
and NF3,


[7] in which the combination of very strong U�F
bonds and weak N�F bonds makes the triple-bonded species
much more energetically favorable. The bonding in these
compounds is discussed in the section below.
It is interesting to note here that the reaction of Mo and


W atoms with ammonia recently investigated in this labora-
tory passes through the HN=MH2 intermediate directly to
the lower-energy N�MH3 molecules. In this case the Mo�H
and W�H bonds are relatively stronger than the U�H bond,
and the final terminal nitride product is produced with Mo
and W.[15]


Analysis of the bonding : We now turn to an analysis of the
bonding in these new compounds containing U�N bonds.
The data in Tables 3 and 4 support several pertinent geo-
metrical and thermochemical comparisons. For convenience
and consistency, all the data in Table 4 were obtained at the


B3LYP level of theory, using basis sets equivalent to those
described here for U, N, and H, even though results for sev-
eral of those compounds have already appeared in the liter-
ature.[16–19,35] We shall also comment on the natural bond or-
bital (NBO) analysis[37] of these compounds and analyze sev-
eral individual MOs of the analogous Th and U compounds
(HN=ThH2 and HN=UH2). We are particularly interested in
discovering whether the formal An�N and An=N bonds
(An=Th, U) are shorter and stronger than might be expect-
ed, based on the properties of related compounds. We also
wish to quantify the possible differences in properties of the
analogous Th�N/U�N and Th=N/U=N bond pairs.


Table 3. Electronic binding energies (BE in kJmol�1) relative to U+


NH3
[a] and U�N bond lengths (r ACHTUNGTRENNUNG(U�N) in %) obtained with four different


theoretical methods.


Compound B3LYP PW91 CCSD CCSD(T)[b]


U:NH3 BE 52.4 82.6 31.3 40.2
r ACHTUNGTRENNUNG(U�N) 2.644 2.554 2.605 –


H2N�UH BE 193.7 217.6 165.5 166.1
r ACHTUNGTRENNUNG(U�N) 2.193 2.166 2.187 –


HN=UH2 BE 178.0 226.2 165.4 185.3
r ACHTUNGTRENNUNG(U�N) 1.903 1.898 1.891 –


N�UH3 BE 26.5 131.7 29.2 75.3
r ACHTUNGTRENNUNG(U�N) 1.721 1.741 1.706 –


[a] Positive values indicate compounds more stable than U+NH3.
[b] CCSD(T) results at optimized CCSD geometries.


Table 4. Structural and thermochemical data.[a]


Compound Bond length [%] Bond energy [kJmol�1]


NH2�UH 2.193 380
NH=UH2 1.903 524
N�UH3 1.721 437
N�UH 1.760 554
CH3�UH 2.395 237
CH2=UH2 2.053 379
CH�UH3 1.899 324
CH�UH 1.915 501
NH2�ThH 2.176 446
NH=ThH2 1.951 620
N�ThH 1.820 628
CH3�ThH 2.400 292
CH2=ThH2 2.117 470
CH�ThH 1.978 564
NH2�WH 1.974 329
NH=WH2 1.737 516
N�WH3 1.660 644
N�WH 1.660 600
CH3�WH 2.062 181
CH2=WH2 1.878 459
CH�WH3 1.739 648
CH�WH 1.747 592
NH2�HfH 1.998 449
NH=HfH2 1.813 582
N�HfH 1.738 511
CH3�HfH 2.161 298
CH2=HfH2 1.959 455
CH�HfH 1.861 503


[a] B3LYP geometries, bond dissociation energies [kJmol�1] from ener-
gies of fragments (see text).
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The data in Table 3 enable us to compare the thermody-
namic stabilities of the four isomeric species H3N:U, H2N�
UH, HN=UH2, and N�UH3, in which uranium is in the oxi-
dation states 0, +2, +4, and +6, respectively (but we note
that spin-orbit effects have been neglected here and their in-
fluence on relative energies may not be negligible). The sta-
bilities of H2N�UH and HN=UH2 are similar: depending on
the theoretical method chosen, the imine is either slightly
lower (CCSD(T) and PW91) or slightly higher (B3LYP) in
energy than the amine, with the CCSD method finding them
almost degenerate. The triple-bonded molecule N�UH3 is
substantially higher in energy than H2N�UH or HN=UH2,
but its stability relative to the NH3 adduct varies appreciably
according to the theoretical method used. The CCSD(T)
binding energies should be the most reliable of those report-
ed in Table 3. Since the values of the CCSD T1 diagnostic
for HN=UH2 and H2N�UH are not excessively high, at
0.033 and 0.027, respectively, single-reference methods such
as CCSD(T) should be appropriate. We observe that the
PW91 functional leads to stronger binding than the other
methods, as is often observed for GGA functionals in acti-
nide chemistry.[38] For H3N:U, H2N�UH, and HN=UH2, the
B3LYP binding energies are fairly close to those obtained at
the CCSD(T) level.
Even though bond dissociation energies (BDE) are surely


of greater fundamental significance than bond lengths, we
discuss the latter before the former, since evidence is emerg-
ing that spin-orbit effects on ground-state geometries are
weak, even for open-shell systems,[39] and the good perfor-
mance of DFT methods for geometry prediction is well es-
tablished.[40] The most striking aspect of the geometry of
HN=UH2 concerns the length of the U=N bond (see
Figure 4), which is 0.145 % shorter than the U�H bonds in
the same compound, and no less than 0.290 % shorter than
the single U�N bond in H2N�UH. We consider first these
bond lengths “from first principles”, neglecting for the
moment the experimental results available for the imido
species.[1]


Using the concept of covalent radii, an extrapolation from
the C=N and N�H distances in HN=CH2 (1.266 and
1.024 %, respectively, at the B3LYP level) suggests that the
U=N bond in HN=UH2 is as much as 0.31 % shorter “than
expected”: this value is obtained by adding the difference
between C=N and N�H to that between the U=N and N�H
distances, noting that the two differences have opposite
signs. If the relative electronegativities of U, C, and N are
taken into account, the “expected” length of the U=N bond
is reduced, but only by 0.09 %. More realistic bond-length
comparisons are provided by HN=WH2, in which the W=N
bond is only 0.03 % shorter than the W�H bonds, or CH2=


UH2, in which the U=C bond is 0.02 % longer than the U�H
bonds. These considerations confirm that the U=N bond in
HN=UH2 is indeed strikingly short.
However, it is clear that N�M and N=M bonds are likely


to be substantially shorter and stronger than their C�M and
C=M counterparts, if M is a metal with empty orbitals that
can accept donation of electron density from formal lone


pairs on N. We now use the structural data in Table 4 to
quantify this effect for metals from the third row of the tran-
sition series, the examples that provide the best model for
the actinide compounds under discussion here. We find that
N�Hf and N�W bonds are 0.13–0.14 % shorter than their
C�Hf or C�W counterparts, whereas the analogous shorten-
ings for N�Th and N�U are substantially greater, at 0.20 or
0.22 %. The data in Table 4 therefore show that the formal
single U�N bond in H2N�UH is indeed shorter than might
reasonably be expected, by 0.07–0.08 %. But when we com-
pare the C=Hf/N=Hf and C=W/N=W bond pairs with their
actinide analogues, we find that the decrease in length be-
tween C=Th and N=Th of 0.166 % (or between C=U and
N=U, 0.150 %) is scarcely larger than that between C=Hf
and N=Hf (0.133 %) or that between C=W and N=W
(0.141 %). Similarly, the triple bonds between N and Th or
U show essentially the same contraction compared to triple
bonds between C and Th or U as do the analogous pairs
with Hf and W. In other words, the formally single N�An,
formally double N=An, and formally triple N�An bonds are
all shorter than might be expected, but by essentially the
same amount: the N=U and N�U bonds in HN=UH2 or in
N�UH3 are of course shorter than U�N in H2N�UH, but by
amounts that are consistent with the computational data
available for related compounds.
We now compare the system studied here with the imido


species of the type U(NR)2I2ACHTUNGTRENNUNG(THF)2, which have been syn-
thesized and characterized by Boncella and co-workers.[1]


The U=N bond lengths in these compounds of around
1.85 % found by X-ray diffraction and by B3LYP computa-
tions are substantially shorter than the value of 1.903 % cal-
culated here for HN=UH2. However, the oxidation state of
uranium in the imido species is +6, whereas in HN=UH2 it
is +4. To compare systems that are more similar, we have
undertaken B3LYP calculations on U(NH)2


2+ , U(NH)2
+ ,


U(NH)2, U(NH)3, and U(NH)2F2. The optimized U�N dis-
tances are 1.761, 1.853, 1.949, 1.928, and 1.868 %, respective-
ly. These results show that the lengths of formally double
U=N bonds are very sensitive to the environment and oxida-
tion state of uranium, even more so than for the analogous
U�O bonds in the uranyl ion and its reduced derivatives.[4]


Detailed comparison of HN=UH2 with U(NR)2I2ACHTUNGTRENNUNG(THF)2 is
therefore not straightforward.
There is some evidence in Table 4 to suggest that the N�


An multiple bonds are particularly strong. It is well known
that the bonds formed by atoms of a given group weaken, in
general, on descending the periodic table, since compact or-
bitals overlap more effectively than diffuse ones. Since the
actinide atoms are larger than those in the third row of the
transition series with the same number of valence electrons,
we might expect C�Hf bonds to be stronger than C�Th, C�
W to be stronger than C�U, N=Hf to be stronger than N=


Th, and so forth. If the N=An bonds in NH=ThH2 and NH=


UH2 are anomalously strong, then the difference between
the BDE for N=Th and N=Hf will be less negative (or more
positive) than that between C=Th and C=Hf. That is exactly
what we find for all four multiple bonds involving N: for the
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comparisons of N=Th, N�Th, N=U, and N�U with their C
counterparts, the differences in favor of the N-bonded spe-
cies are 23, 56, 88, and 45 kJmol�1, respectively.
Do the bond dissociation energies in Table 4 imply that


the N�Th and N�U bonds are anomalously strong? The
analysis is complicated by the agostic interactions that are
present in some of the compounds, the influence of which
will contaminate the bond dissociation energies evaluated
here (note that agostic interactions have little effect on C=


M distances[41]). The N�Hf and N�W bonds are stronger
than their C�Hf and C�W counterparts by 151 or
148 kJmol�1, respectively. Very similar increases in bond en-
ergies are found for the actinide systems: N�Th (N�U) is
stronger than C�Th (C�U) by 154 kJmol�1 (143 kJmol�1).
The N=Hf and N=W bonds are stronger than their C=Hf
and C=W counterparts by 148 or 57 kJmol�1, respectively,
whereas N=Th (N=U) is stronger than C=Th (C=U) by
150 kJmol�1 (145 kJmol�1). Finally, both the N�Hf and N�
W bonds are stronger than their C�Hf and C�W counter-
parts by 8 kJmol�1, whereas N�Th (N�U) is stronger than
C�Th (C�U) by 64 kJmol�1 (53 kJmol�1). To avoid difficul-
ties associated with changes in oxidation state, we have com-
pared triple bonds to W and U in systems in which these
atoms are in the oxidation state +4, like Hf and Th. Note
that the dissociation energies of the C�U and N�U bonds in
CH�UH3 and N�UH3 are smaller than those of their coun-
terparts in the UIV compounds by substantial margins
(117 kJmol�1 for CH�UH3 and 177 kJmol�1 for N�UH3),
reflecting the instability of UIV when attached to ligands
that are not very electronegative.
At first sight, these bond dissociation energies therefore


provide little evidence for anomalously strong bonds be-
tween N and either Th or U. But another type of compari-
son provides more insight. It is well known that the bonds
formed by atoms of a given family group weaken, in gener-
al, on descending the periodic table, since compact orbitals
overlap more effectively than diffuse ones. Since the acti-
nide atoms are larger than those in the third row of the tran-
sition series with the same number of valence electrons, we
might expect C�Hf bonds to be stronger than C�Th, C�W
to be stronger than C�U, N=Hf to be stronger than N=Th,
and so forth. If the N=An bonds in NH=ThH2 and NH=


UH2 really are anomalously strong, then the difference be-
tween the dissociation energies for N=Th and N=Hf will be
less negative (or more positive) than that between C=Th
and C=Hf. That is exactly what we find for all four multiple
bonds involving N: for the comparisons of N=Th, N�Th, N=


U, and N�U with their C counterparts, the differences in
favor of the N-bonded species are 23, 56, 88, and
45 kJmol�1, respectively. For the two single bonds involving
N, these comparisons are inconclusive, since the change in
bond energy between N�Tm (Tm=Hf, W) and N�An is
almost the same as that between C�Tm and C�An.
The angular properties of HN=UH2 are striking: the U-N-


H group is almost linear (bond angle 1728), whereas the W-
N-H angle in HN=WH2 is 1518. The latter is planar, like
CH2=NH, whereas the H-N-U group in HN=UH2 almost bi-


sects the UH2 group. There are therefore essentially two
equivalent p-type orbitals on NH that can interact with
empty orbitals on U, as shown by Hay in his analysis of
imido complexes of U in the +6 oxidation state.[42]


We now compare the N�U and N=U bonds described
here with their N�Th and N=Th analogues in H2N�ThH
and HN=ThH2. Since the thermodynamic stabilities of
H2N�UH and HN=UH2 are similar, whereas HN=ThH2 is
about 50 kJmol�1 more stable than H2N�ThH,[9] it might
appear that the formal double bond in HN=UH2 is weaker
than that in HN=ThH2. However, a more careful energetic
analysis leads to a different conclusion: the N=U bond is in
fact stronger than might have been expected. Several com-
parisons show that UIV is generally less stable relative to UII


than is ThIV compared to ThII. For example, the formation
of ThH4 from ThH2+H2 is exothermic by 186 kJmol�1


(B3LYP), whereas the analogous formation of UH4 is exo-
thermic by only 44 kJmol�1. The UII compound CH3�UH is
97 kJmol�1 more stable than CH2=UH2 (B3LYP), but the
ThII compound CH3�ThH is only 9 kJmol�1 more stable
than its ThIV isomer. In the light of these data, the UIV imine
HN=UH2 could be expected to be about 90 kJmol�1 less
stable relative to H2N�UH than HN=ThH2 is compared to
H2N�ThH. In fact, the thermodynamic stabilities of H2N�
UH and HN=UH2 are similar (within the margin of uncer-
tainty of B3LYP calculations), which implies that HN=UH2


is 30–50 kJmol�1 more stable than anticipated.
NBO analysis suggests that the “U=N” bond in HN=UH2


is in fact a triple bond, immediately accounting for the re-
markably short U=N distance already noted. But this does
not explain the substantial difference between the N=U and
N�U bond lengths of 0.14 % (see Table 4). The “triple”
bond found in the NBO analysis of HN=UH2 is very heavily
polarized towards the N atom, with orbitals on U contribu-
ting only 15%: in other words, there is extensive lone-pair
donation from N to U and the triple-bond description is
misleading. In species with a formal triple bond, such as N�
UH3, the bonding is more covalent, with orbitals on U con-
tributing 35%: the resulting interaction leads to a far shorter
and stiffer bond. The notion of lone-pair donation helps us
to understand why the bond shortening found for An�N
compared to An�C is maintained but not increased for An=
N compared with An=C, as noted above: a single extra
bonding interaction is present in both cases for the species
involving N.
Although the NBO analyses of HN=UH2 and HN=ThH2


suggest that the multiple bonding in the two species is simi-
lar, there are some small differences. The bonding is a little
more covalent for U than for Th, with actinide contributions
of 15 and 11%, respectively. As might be expected from the
differences in ground-state electronic configurations, the f-
type orbitals play a more important role for U than for Th.
In HN=UH2, f-type and d-type orbitals on U contribute
almost equally, with 49 and 46% of the bonding character,
respectively, whereas in HN=ThH2 the corresponding contri-
butions are 31 and 62%. However, we suggest that these fig-
ures be interpreted with caution, since they depend appreci-
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ably on the functional used: with PW91, the f-type character
in HN=UH2 increases to 59 instead of 49% with B3LYP.
Several molecular orbitals for HN=UH2 and HN=ThH2


are shown in Figure 5. We present the HOMO�4,
HOMO�3, and HOMO�2 for HN=ThH2 and the analo-


gous orbitals for HN=UH2, which contains two unpaired
electrons in essentially f-type orbitals. These are the orbitals
that correspond most closely to the s and two p bonds
found by the NBO analyses. The nature of the orbitals is
more easily grasped for HN=ThH2 than for HN=UH2, since
there is a plane of symmetry in the former that bisects the
ThH2 group. The MOs 16 and 17 have a’ symmetry for HN=


ThH2, whereas MO 18 is antisymmetric. Although the ap-
pearance of the MO for HN=UH2 is complicated by the
lack of symmetry, the plots do show a little more p-type
overlap for the uranium compound, consistent with the
slightly greater covalent character revealed by the NBO
analysis. It is clear that the Lewis representation HN=AnH2


is not really appropriate, since there are two MOs that are
almost degenerate, a consequence of the near-linearity of
the An-N-H subunit, as noted above.


Conclusion


The proposed reaction mechanism is summarized below in
Equation (1):


UþNH3 ! U : NH3 ! H2N�UH! HN¼UH2 6!N�UH3


ð1Þ


All of the product absorptions were weak on sample deposi-


tion with laser-ablated uranium atoms and ammonia in
excess argon. In addition, the U:NH3 complex was formed
spontaneously on annealing to 20 and 25 K, as found for the
thorium, Group 4, and Group 6 metal complexes,[9,12,13, 15]


and the H2N�UH complex increased 10–20% whereas the
HU=UH2 complex was un-
changed. In contrast, the analo-
gous thorium complexes H2N�
ThH and HN=ThH2 increased
substantially on this annealing
process. However, the photo-
chemistry is parallel: the imine
species for both actinide metals
increased at the expense of the
initial metal–ammonia complex
and the first group of product
absorptions. In addition all of
these reaction products form
additional complexes with one
or more ammonia molecules on
annealing of the matrix sample.
There are noteworthy differ-


ences between the early acti-
nide metals thorium and urani-
um, which we have reacted
with numerous small mole-
cules.[3,4, 8,19–21,43,44] First, thorium
is more reactive than uranium
in bond activation. This is dem-


onstrated in the CH4 and CH3X systems[16,17,19,45, 46] and is
shown again by reactions with ammonia. The spontaneous
reaction of Th and NH3 proceeds through the ThNH3 and
H2N�ThH intermediates, which are also observed, to the
lowest energy final product HN=ThH2. The reaction steps
are sufficiently exothermic to overcome any energy barriers
to the final thorimine product.[9] In contrast, the stable inter-
mediate U:NH3 is formed first and photochemically rear-
ranges through H2N�UH to the HN=UH2 product. The
latter have comparable energies (B3LYP without spin-orbit
effects), but visible light irradiation decreases H2N�UH and
increases HN=UH2, which is a reversible process, and it fur-
ther shows that this photochemical activation surpasses any
barriers to their formation. The low yield of the U:NH3


complex on sample deposition is most likely due to photo-
chemical rearrangement by the laser-ablation plume, as
found for the analogous Th and Group 4 species.[9,12, 13] Since
annealing is conducted in the dark, photosensitive species
have a high probability of survival.
The structures and energetics of these compounds have


been extensively analyzed. Detailed comparisons are pre-
sented of the An�N and An=N bonds with analogous bonds
to carbon and nitrogen in other systems containing both ac-
tinides and third-row transition metals. The An�N and An=
N bonds described here are remarkably short, and are sub-
stantially stronger than their An�C and An=C counterparts.
The 5f and 6d orbitals play a vital role for enhancement of
the p bonding in both the amine and imine complexes for


Figure 5. Contour plots comparing the bonding s and p molecular orbitals in HN=ThH2 and HN=UH2: a)–
c) MO 16–18 of HN=ThH2, respectively; d)–f) MO 16–18 of HN=UH2, respectively.
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both actinide metals. NBO analyses imply that the contribu-
tions of the 5f and 6d orbitals are comparable for U, where-
as 6d is about twice as important as 5f for Th.
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A Convergent Approach to Biocompatible Polyglycerol “Click” Dendrons
for the Synthesis of Modular Core–Shell Architectures and Their Transport
Behavior


Monika Wyszogrodzka and Rainer Haag*[a]


Introduction


Dendrimers and dendrons have been known for 30 years
and have entered many research areas, from gene and drug
delivery to diagnostics, as well as nanoengineering.[1] This
relatively new type of macromolecular architecture is suc-
cessfully used in many applications such as surface modifica-
tion,[2] materials science, and catalysis.[3] By taking advant-
age of the multivalency of dendrimers and the possibility to
use almost any type of chemistry for their post-synthetic
chemical modification, they may be used as antiviral, anti-
bacterial, and antitumor agents.[4]


In spite of the attractive properties of dendrimers, only
two types, namely, polyamidoamine (PAMAM, Starburst,
DNT) and poly(propylene imine), PPI (Astramol, DSM),
have been commercialized, because of their tedious, step-
wise, and time-consuming synthesis. So far, two complemen-
tary general methods—the divergent approach initiated by


Vçgtle et al.,[5] Tomalia et al.,[6] and Newkome et al.[7] and
the convergent approach of Hawker and Fr5chet—[8] have
been developed for their preparation. The problem of the
structural purity of single molecules in the divergent ap-
proach has been overcome by the convergent growth ap-
proach,[9] wherein the synthesis of dendrimers starts from
the periphery to a polyfunctional core, and thus reduces the
number of reactions performed on a single molecule. Conse-
quently, in the convergent method, each molecule has a pre-
cise molecular weight and structure and can easily be puri-
fied from the incomplete coupling products. Also, the den-
drons can be modified at both ends: the focal point and the
shell.


Dendritic oligoethers[10] have found a wide range of appli-
cations.[11] Much effort has been devoted to the preparation
of dendrimers that are water-soluble and biocompatible. For
example, Fr5chet and co-workers synthesized a dendritic an-
alogue of the highly biocompatible poly(ethylene glycol)
(PEG), which is a promising structural skeleton for many
biological applications.[12] Dendritic polyethers based on
glycerol dendrimers prepared by us are also of interest for
biomedical applications due to their high biocompatibility.[13]


Yamamoto et al. reported the convergent preparation of
glycerol-based dendrons by applying Williamson ether for-
mation between a benzyl/dendritic alcohol and epichlorohy-
drin.[14] A carborane unit was linked to these dendrons to
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Abstract: Dendrimers are an important
class of polymeric materials for a broad
range of applications in which mono-
dispersity and multivalency are of in-
terest. Here we report on a highly effi-
cient synthetic route towards bifunc-
tional polyglycerol dendrons on a mul-
tigram scale. Commercially available
triglycerol (1), which is highly biocom-
patible, was used as starting material.
By applying Williamson ether synthesis
followed by an ozonolysis/reduction


procedure, glycerol-based dendrons up
to the fourth generation were pre-
pared. The obtained products have a
reactive core, which was further func-
tionalized to the corresponding monoa-
zido derivatives. By applying cop-


per(I)-catalyzed 1,3-dipolar cycloaddi-
tion, so-called “click” coupling, a li-
brary of core–shell architectures was
prepared. After removal of the 1,2-diol
protecting groups, water-soluble core–
shell architectures 24–27 of different
generations were obtained in high
yields. In the structure–transport rela-
tionship with Nile red we observe a
clear dependence on core size and gen-
eration of the polyglycerol dendrons.


Keywords: biocompatibility · click
chemistry · core–shell structures ·
dendrimers · host–guest systems ·
polyglycerol dendrons
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produce a water-soluble carborane that was used in boron
neutron-capture therapy.


We previously reported an efficient divergent method to-
wards polyglycerol dendrimers involving a repetitive se-
quence of allylation and dihydroxylation steps.[15] Recently,
we described a divergent route for the synthesis of bifunc-
tional monoamino glycerol dendrons,[16] in which we also ap-
plied a sequence based on allylation and catalytic dihydrox-
ylation with osmium tetroxide, and obtained [G3] monoami-
no glycerol dendrons in good yields. Park et al. showed that
[G4.0] and [G5.0] polyglycerol dendrimers can solubilize the
poorly water-soluble drug paclitaxel (PTX). The solubility
of PTX increased with increasing generation of dendritic
PG.[17] On the other hand, core–shell-type architectures ob-
tained by simple modification of hyperbranched PG with a
biphenylic unit enhanced the solubilization of highly hydro-
phobic drugs such as Nimodipine.[18]


Since linear and hyperbranched polyglycerol proved to be
highly biocompatible[19] and might be used for many bio-
medical applications, any heavy-metal content would be a
problem. Therefore, an alternative synthetic route to metal-
free dendrimers was our goal. Additionally, optimization of
the reaction and purification steps may improve the synthet-
ic pathway and enable the preparation of large quantities.
Nevertheless, one major drawback remains, that is, the tre-
mendous effort required to obtain these perfect structures.
Furthermore, the ability to execute considerable structural
control by imparting bifunctionality with easy synthetic
steps is required.


The [2+3] Huisgen cycloaddition, rediscovered by Sharp-
less et al.,[20] is growing in impact and has found many appli-
cations in most areas of modern chemistry. The beauty of
this reaction resides in its simplicity, reliability, specificity,
and biocompatibility. Moreover, this copper(I)-catalyzed for-
mation of triazoles tolerates a wide range of functional
groups and many solvents (including water). Recently,
Hawker et al. introduced click coupling into dendrimer syn-
thesis, and demonstrated for the first time the power and ef-
ficiency of this methodology in macromolecular chemistry.[21]


Since then, Huisgen 1,3-dipolar cycloaddition of azides and
alkynes has been utilized in fields of chemistry ranging from
drug discovery to materials science.[22]


Here we describe the convergent synthesis of a new
family of core–shell dendrimers with an aliphatic polyether
backbone based on glycerol units. Such well-defined den-
drons have great potential owing to multifunctional chain
ends stemming from an easily functionalizable focal point.
In addition, polyglycerol dendrons with their glycerol build-
ing blocks are biocompatible and can be made water-soluble
or water-dispersible by varying their shell functionality.


Results and Discussion


Synthesis of bifunctional, clickable glycerol dendrons : In
contrast to the divergent approach, convergent protocols
allow us to attain considerable structural control and varia-


ble bifunctionality using easy synthetic steps. We achieved
our goals by applying a combination of two previously de-
scribed protocols.[23] We used 3-chloro-2-chloromethyl-1-pro-
pene (methallyl dichloride or MDC) as monomer, because
its allylic functionality makes nucleophilic substitution of
both electrophilic sites more attractive. In addition, the
double bond at the focal point can be converted easily and
in high yields to the primary or secondary alcohol by a stan-
dard hydroboration/oxidation protocol[10b,23a] or ozonolysis/
reduction sequence,[23b] respectively. Using Williamson ether
synthesis and an ozonolysis/reduction sequence for subse-
quent activation and growth steps allowed us to prepare bi-
functional polyglycerol dendrons up to the fourth generation
in high yields. Additionally, ozonolysis and hydride reduc-
tion, as opposed to hydroboration with 9-borabicyclo-
ACHTUNGTRENNUNG[3.3.1]nonane (9-BBN) and oxidation with H2O2, proceeded
smoothly in all cases and gave the desired compounds in
pure form.


As a starting material we chose commercially available
triglycerol (1), the terminal diol units of which were convert-
ed to the corresponding diacetal by catalytic reaction with
acetone dimethylacetal.[24] The acetal protecting group is
stable under strongly basic, reductive, and oxidative condi-
tions.[25] In addition, deprotection of the terminal hydroxy
groups, which can be further modified if desired, can be per-
formed under mild acidic conditions. Even though triglycer-
ol contains a considerable amount of other oligomers, such
as di- and tetraglycerol, we decided that this concept is the
more straightforward approach for scaleup. After acetal pro-
tection [G1.0]-OH (2) can be obtained on a scale of up to
600 g in highly pure form. Alternatively, 2 can also be ob-
tained from acetal-protected glycerol by the procedure
shown in Scheme 1 (bottom).


Scheme 1. Syntheses of acetal-protected triglycerol.
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Second-generation [G2.0]-ene (6) was synthesized by re-
action of 2.1 equiv of [G1.0]-OH (2) with a suspension of
sodium hydride and MDC in dry THF in the presence of
catalytic amounts of KI, [15]crown-5, and [18]crown-6
(Scheme 2). The presence of [15]crown-5 during deprotona-
tion of the OH group and subsequent addition of [18]crown-
6/KI allows us to generate a more reactive secondary alco-
holate in the core and to improve the coupling yields dra-
matically. Therefore, we did not observe any formation of


monosubstituted MDC. Due to the similar polarity of start-
ing material 2 and [G2.0]-ene (6), purification by column
chromatography on a multigram scale was incomplete.
Therefore, on large scales (up to 100 g), we used HPLC with
2-propanol/n-hexane as eluent to separate all [Gn]-ene
products. The unsaturated compound was then ozonolyzed
and reduced to the secondary alcohol by treatment with
sodium borohydride, and [G2.0]-OH (7) was obtained by
simple extraction in excellent yield and in very pure form.


For all other dendron modifica-
tions column filtration was suf-
ficient for purification.


To synthesize the next gener-
ations, compound 7 was again
treated with MDC in THF, fol-
lowed by the O3/NaBH4 reac-
tion. Both [G3.0]-ene (8) and
[G3.0]-OH (9) were obtained in
very high yields. Up to genera-
tion [G4.0] monosubstitution of
MDC was not observed, but a
significant decrease in yield for
[G4.0]-ene (10) was. This was
attributed to steric hindrance
after the attack of the first den-
dritic alcohol group of com-
pound 9 on MDC and to diffi-
culties in purification. All [Gn]-
ene and [Gn]-OH compounds
were isolated as transparent,
slightly yellow or colorless vis-
cous oils. We also tried to syn-
thesize [G5.0]-ene, but due to
difficulties in purification we
were only able to detect the de-
sired product by ESIMS.


Identification of the focal
functionality by NMR and IR
spectroscopy facilitated charac-
terization of these dendritic
structures, especially for higher
generations. The integration
ratio calculated from 1H NMR
between acetal groups and
focal functionality verified re-
tention of protecting groups
and the number of generations.
The purity of polyether den-
drons was assessed by elemen-
tal analysis and high-resolution
mass spectroscopy. A single
species was observed in the
mass spectrum corresponding
to the expected isotopic ratio
for [M+H]+ , [M+Na]+ , and
[M+K]+ . In some cases, the
presence of [M+NH4]


+ and
Scheme 2. Convergent approach to bifunctional polyglycerol dendrons. a) NaH, [15]crown-5, MDC, [18]crown-
6, KI, THF, reflux, 24 h; b) 1. O3, CH2Cl2/MeOH (1/1), 2. NaBH4.
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very strong signals of doubly charged ions were observed
(e.g., ESI-TOF-MS of 25c, Figure 1).


We previously reported a divergent approach to bifunc-
tional glycerol dendrons with azide functionality in the
core.[16] We used the same reaction sequence to functionalize
the focal point of all polyglycerol dendrons with azo groups
(Scheme 3). The free secondary hydroxyl group of [G1.0]-
OH was converted to the corresponding mesylate[26] and
without further purification treated with sodium azide[27] to
give [G1.0]-N3 in 96% yield over two steps. The same reac-


tion sequence was applied to the higher generations of poly-
glycerol dendrons, and the desired monoazides were ob-
tained in excellent yields.


Design and synthesis of modular core–shell architectures
with click dendrons : In designing dendrimers for functionali-
zation by click chemistry, multifunctional azide- or acety-
lene-terminated core molecules are required. Initially, com-
mercially available aromatic oligoacetylene cores 16–18
were chosen for our modular approach with monoazido den-
drons (Scheme 4). In addition, 19 was synthesized according
to the procedure described by MBllen et al.[28] starting from
1,3,5-tris(4-bromophenyl)benzene.[29]


Scheme 3. Synthesis of monoazido glycerol dendrons. Scheme 4. Oligoacetylene aromatic cores.


Figure 1. ESI-TOF mass spectrum of 25c (m/z 3073.6852).
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The first click reactions between compounds 16–18 and
[G1.0]-N3 were performed according to the procedure de-
scribed by Sharpless et al.[30] with 5 mol% CuSO4, 10 mol%
ascorbic acid/10 mol% NaOH (to form sodium ascorbate in
situ) in water/THF (1/1) at room temperature. However, the
reaction times were very long and the conversions incom-
plete. Additionally, cleavage of acetal groups was observed,
probably due to incomplete salt formation. Hence, we modi-
fied the coupling procedure, first by excluding the presence
of acid and second by using additional catalyst to shorten
the reaction times. In the course of optimization, we found
that 5–15 mol% of CuSO4, 10–30 mol% of sodium ascor-
bate, and 10–30 mol% of diisopropylethylamine (DIPEA)
were sufficient to generate the desired core–shell structures
in very good yields (Table 1, Scheme 5). As shown in
Table 1, the yields of 20–23 isolated from the coupling of


[G3.0]-N3 to aromatic cores 16–18 were in the range of 30–
44%, mainly due to the steric hindrance of dendrons and
core and difficulties in purification.


Traces of copper salts in the products were easily removed
by washing with a saturated solution of ethylenediaminete-
traacetic acid (EDTA). To obtain high conversions, we tried
to use stoichiometric amounts of the azides (2–3 equiv de-
pending on core functionality), but formation of byproducts
was observed. Therefore, in all cases an excess of 0.1 equiv
of monoazido dendrons per triple bond was used. Purifica-
tion was performed by flash column chromatography or
HPLC.


Finally, the acetal protecting groups were removed in
almost quantitative yield by stirring with an acidic ion-ex-
change resin in methanol to obtain the water-soluble core–
shell architectures (Scheme 6). Because 1,2,3-triazole is a
weak base, the ion-exchange beads were washed with 5%
Et3N in MeOH in order to obtain the desired water-soluble
dendrimers 24–27 in 84–99% yield (Table 1).


Structure–transport relationship


Complex formation with Nile red : We investigated the trans-
port properties of 24–27 by using Nile red, a neutral, poorly
water soluble, and environmentally sensitive fluorescent dye
(Figures 2 and 3). The fluorescence of Nile red strongly de-
pends on the polarity of the environment; it is redshifted in
polar solvents and reaches its maximum blueshift and inten-
sity in nonpolar solvents/environment.[31] The remarkable
sensitivity of Nile red was beneficial in studying the local
polarity of bolaamphihiles,[32] micelles,[33] and interactions
with cyclodextrins.[34] Small changes in the organization of
the surfactants in the solvent system could be monitored


Table 1. Yields for click coupling of monoazido glycerol dendrons to the
aromatic cores and after removal of acetal groups.


Entry Aromatic
core


[Gn]-N3 Coupling
product


Yield[a]


[%]
Deprotection
product


Yield[a]


[%]


1 16 ACHTUNGTRENNUNG[G1.0] 20a 96 24a 86
2 16 ACHTUNGTRENNUNG[G2.0] 20b 97 24b 99
3 16 ACHTUNGTRENNUNG[G3.0] 20c 32 24c 99
4 17 ACHTUNGTRENNUNG[G1.0] 21a 97 25a 88
5 17 ACHTUNGTRENNUNG[G2.0] 21b 78 25b 95
6 17 ACHTUNGTRENNUNG[G3.0] 21c 30 25c 98
7 18 ACHTUNGTRENNUNG[G1.0] 22a 98 26a 96
8 18 ACHTUNGTRENNUNG[G2.0] 22b 91 26b 84
9 18 ACHTUNGTRENNUNG[G3.0] 22c 44 26c 92


10 19 ACHTUNGTRENNUNG[G1.0] 23a 99 27a 87
11 19 ACHTUNGTRENNUNG[G2.0] 23b 87 27b 87
12 19 ACHTUNGTRENNUNG[G3.0] 23c 75 27c 91


[a] Yields of isolated products.


Scheme 5. Functionalization of the oligoacetylene core by glycerol dendrons: 5–15 mol% CuSO4, 10–30 mol% sodium ascorbate, and 10–30 mol%
DIPEA, THF/H2O (1/1).
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with Nile red,[33c] and the specific properties of this hydro-
phobic dye can also be used to characterize new amphiphilic
molecules and their self-assembly processes.


For the dye solubilization measurements, 2.5 mL of an
aqueous solution of the respective compound at a concen-
tration of 1.0 gL�1 and 3 mg of Nile was stirred at room
temperature for 24 h. These saturated solutions were filtered


Scheme 6. Removal of the acetal groups: Dowex 50W, MeOH, reflux. Core–shell architectures based on polyglycerol dendrons (coupling with [G2.0] is
shown).
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to remove all solids. Then UV spectroscopy was carried out
at 25 8C. Calibration curves for Nile red in toluene, acetone,
methanol, and ethanol were recorded by using known con-
centrations of dye in the respective solvent. Assuming that
the extinction coefficients of dye in the solvents are almost
the same as in water, the amount of solubilized Nile red in
the polymer solution can be calculated (see Figure 3). All
saturated aqueous solutions of compounds 24–27 show good
long-term stability (several months).


Characterization of polymer–dye complexes : Figure 3a sum-
marizes the Nile red transport efficiency as a function of
dendrimer generation and the structure of the hydrophobic
core.


Even through Nile red is solubilized by each type of struc-
ture, the highest transport efficiency (w/w) is obtained for
the compounds with the largest hydrophobic core. The high-
est value (6.1 mg Nile red) for this class of substance was
obtained for [G2.0] (Scheme 6, Figures 2 and 3). Neverthe-
less, a clear dependence on the size of the core and the den-
drimer generation can be seen in Figure 3b. As expected,
the transport capacity (mmol dye/mol polymer) of the dye
improved significantly with increasing core size, especially
for [G3.0]. The transport capacity also increases with higher
dendron generation. In contrast to a previous report on pol-
yglycerol dendrons coupled to a biphenyl core by amide
bonds,[16a] here we find a clear and systematic dependence of
complex formation with Nile red on dendrimer generation.


The adsorption spectrum of Nile red is strongly depen-
dent on solvent/environment and shows a large redshift with
increasing solvent/environment polarity.[31a,c] The absorption
spectra (Figure 2) revealed a strong red shift of the absorp-
tion band of Nile red in the [G1.0] dendron complex, with
lmax =585 nm, and a blueshift for [G2.0] and [G3.0] dendron
complexes, with lmax =515 nm. The first shift suggests that a
very polar environment, such as glycerol groups, surrounds
the Nile red molecules. Probably, the hydrophobic cores


coupled with the smallest dendron [G1.0] tend to form ag-
gregates by p–p interactions, and therefore the dye was not
accommodated into the core. In the case of higher genera-
tions, for which the maximum absorption is shifted to lower
wavelengths, Nile red is located more in the hydrophobic
core. The observable band splitting in UV absorbance
(nicely visible for compound 27b) is a typical behavior of
Nile red in nonpolar solvents/environments.[31c] This leads to
the conclusion that an extended aromatic core is required
for efficient encapsulation and transport of hydrophobic
compounds such as Nile red. Especially in comparison to
our previous work[16a] in which polyglycerol dendrons were
attached to a biphenyl core by amide bonds, we significantly
improved the encapsulation of Nile red by a factor of about
200 by increasing both core and dendrimer size, as shown in
Figure 3.


Conclusion


In conclusion, we have demonstrated a new, osmium-free
convergent approach to monoazido polyglycerol dendrons,
as opposed to the traditional divergent pathway. Glycerol


Figure 2. UV spectra of the complexes of 27a–c (c=1 mgmL�1) with Nile
red.


Figure 3. Structure–transport relationship of core–shell architectures 24–
27 with Nile red (NR). a) mg NR/g polymer. b) mmol NR/mol polymer.
For reasons of clarity the error bars of the UV measurements are not
shown; these deviations are typically in the range of �15%.
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dendrimers are readily accessible on multigram scale up to
the fourth generation, which is an important advantage over
the conventional divergent pathway. Additionally, with this
environment friendly synthetic pathway (less toxic reagents
used in only small excess) we achieved higher structural
purity and could apply simple separation protocols, such as
column filtration.


Furthermore, a library of core–shell architectures 24–27,
based on a variety of aromatic cores and different genera-
tions of highly biocompatible click dendrons, were prepared
by using a click chemistry concept. The unprecedented char-
acteristic properties of the click dendrons, such as easy ac-
cessibility and solubility in water, make them a powerful
tool for the modification of different hydrophobic cores
with highly biocompatible and water-soluble shells. In addi-
tion these new architectures were used as solubilizing agents
for the hydrophobic dye Nile red. The structure–transport
relationship showed a clear dependence on core size and
generation of the polyglycerol dendrons. These new dendrit-
ic polyglycerol architectures with extended aromatic cores
show much higher transport efficiency than the previously
reported biphenyl-based structures.


Experimental Section


General remarks : Reactions requiring dry conditions were carried out in
Schlenk glassware under argon. Dry, analytical-grade solvents were pur-
chased from Acros or Aldrich and used as received. Triglycerol was ob-
tained as a gift from Solvay Chemicals GmbH and used as received.
1H NMR and 13C NMR spectra were recorded on Bruker AB 250 (250
and 67.5 MHz for 1H and 13C, respectively), Bruker ECX 400 (400 and
100 MHz for 1H and 13C, respectively), and Delta JEOL Eclipse 500 (500
and 125 MHz for 1H and 13C, respectively) spectrometers at 25 8C. AMX
500 and ECX 400 spectrometers were used to record high-resolution
13C NMR spectra. The spectra were calibrated on the solvent peak
(CDCl3: d=7.26 ppm for 1H and d=77.0 ppm for 13C; CD3OD: d=


4.84 ppm for 1H and d =49.05 ppm for 13C; [D6]acetone: d =2.05 ppm for
1H and d=30.83 ppm for 13C). Flash chromatography was performed on
silica gel 60 (230–400 mesh) with head pressure developed by means of
compressed air. IR spectra were recorded on KBr pellets on a Nicolet
5SXC FTIR Interferometer. Elemental analyses were performed on a
Perkin-Elmer EA 240. For ESI-TOF measurements an Agilent 6210 ESI-
TOF (Agilent Technologies, Santa Clara, USA) and for electrospray ioni-
zation Fourier transform ion cyclotron resonance mass spectrometry
(ESI-FTICRMS) measurements an Ionspec QFT-7 (Varian Inc., Lake
Forest, USA) were used. HPLC was carried out on a Knauer HPLC
(pump K-1800) using a Knauer RI-detector K-2401 and a Nucleosil 50-5
(32T240) column. UV measurements were carried out on a S-3100
System UV/Vis spectrometer (SCINCO) at 25 8C.


Typical encapsulation procedure and determination of transport capacity :
Compounds 24–27 were dissolved in Milli-Q water (2.5 mL) at a concen-
tration of 1.0 gL�1, and Nile red (3 mg) as a fine powder was added. The
obtained suspension was stirred vigorously for 24 h with a magnetic stir-
rer at 1000 rpm. Next the insoluble solid residue of the dye was removed
by filtration through a 0.2 mm cellulose acetate filter (Whatman), and the
obtained clear solution was analyzed by UV/Vis spectroscopy. Obtained
adsorptions were compared with a calibration curve of the Nile red to de-
termine the concentration of the guest molecule in the solution. The UV/
Vis spectra were recorded from 220 to 1000 nm with water as reference.


Acetal protection of triglycerol (1) to give (2): Triglycerol (1; 300 g,
1.25 mol) was gently heated with a heat gun (max. 120 8C) until it took
on a liquid consistency. 2,2-dimethoxypropane (0.608 L, 4.995 mol) was


added followed by slow addition of p-toluenesulfonic acid (PTSA;
15.12 g, 0.125 mol). The reaction was carried out overnight at 30–40 8C.
After the mixture had been stirred for 0.5 h, a homogeneous solution was
obtained. The resulting yellow-orange solution was neutralized by addi-
tion of triethylamine (0.125 mol) and subsequent stirring for 30 min at
room temperature. Then the solvent was evaporated in vacuo and the re-
maining crude liquid was purified by filtration over silica gel (ethyl ace-
tate/n-hexane 1/2, 2/1, 6/1) or by HPLC (15% 2-propanol in n-hexane) to
give 2 as a pale yellow oil (70–78%; triglycerol contains ca. 20–30%
other oligomers). 1H NMR (500 MHz, [D6]acetone, 25 8C): d=4.19 (q,
J=11.9, 6.3 Hz, 2H), 4.00 (dd, J=8.2, 6.4 Hz, 2H), 3.84 (m, 1H), 3.75
(td, J=4.9, 1.5 Hz, 1H), 3.69 (dd, J=8.2, 6.3 Hz, 2H), 3.50 (ddd, J=31.8,
10.1, 5.5 Hz; ddd, J=17.4, 11.9, 6.3 Hz, 8H), 2.83 (s, 1H, OH), 1.33 (s,
6H; CH3), 1.28 ppm (s, 6H; CH3);


13C NMR (125 MHz, [D6]acetone,
25 8C): d=109.4, 75.6, 73.9, 73.8, 73.14, 73.12, 70.17, 67.4, 27.1, 25.7 ppm;
FABMS (m-nitrbenzyl alcohol (mNBA) matrix) found for C15H28O7


(calcd 320.18): m/z (%): 343.2 [M+Na]+ , 321.3 [M+H]+ ; elemental anal-
ysis calcd (%) for C15H28O7 (calcd 320.38): C 56.23, H 8.81; found: C
55.88, H 8.65.


General procedure for synthesis of [Gn]-ene : [Gn]-OH (1.05 equiv per
Cl), 60% NaH (2.5–5.0 equiv per OH) in mineral oil, cat. [15]crown-5,
and freshly distilled dry THF were placed in a dry two-necked round-bot-
tomed flask under an Ar atmosphere. After the mixture had been stirred
for 2–3 h at 40 8C, 1.0 equiv of methallyl dichloride and cat. KI and
[18]crown-6 were added to the solution. The mixture was stirred under
reflux for 12–24 h. After the mixture was cooled to room temperature,
the reaction was quenched with distilled water and extracted with di-
chloromethane. The organic layer then was dried over Na2SO4 and the
solvent was removed under vacuum. The residue was purified by HPLC
with 2-propanol/n-hexane as eluent.


ACHTUNGTRENNUNG[G1.0]-ene (3): Reaction conditions and workup were as described
above, with solketal 4 (15.0 g, 0.113 mol, 2.1 equiv), NaH (60% in miner-
al oil, 11.18 g, 0.284 mol, 2.5 equiv per OH), MDC (6.25 mL, 54.05 mmol,
1.0 equiv), and cat. KI, [15]crown-5, and [18]crown-6 in THF (150 mL).
Purification of the residue by silica-gel column chromatography (ethyl
acetate/n-hexane 1/4) provided 3 (16.93 g, 99%) as a colorless oil.
1H NMR (500 MHz, CDCl3, 25 8C): d=5.17 (s, 2H), 4.23–4.27 (q, J=


6.0 Hz, 2H), 4.02–4.05 (dd, J=6.4, 8.3 Hz, 2H), 4.0–4.01 (m, 4H), 3.70–
3.73 (dd, J=6.4, 8.2 Hz, 2H), 3.40–3.50 (ddd, J=5.6, 9.9, 34.5 Hz, 4H),
1.39 (s, 6H; CH3), 1.33 ppm (s, 6H; CH3);


13C NMR (125 MHz, CDCl3,
25 8C): d =142.1, 114.6, 109.4, 74.7, 72.1, 71.2, 66.9, 26.8, 25.5 ppm; IR:
ñ=2986, 2869, 1455, 1371, 1256, 1214, 1089, 845 cm�1; EIMS (40 8C)
found for C16H28O6 (calcd 316.1886): m/z (%): 316.2 (0.6) [M+], 301.2
(24.5) [M+�CH3], 43 (100) [C2H3O


+]; elemental analysis calcd (%) for
C16H28O6 (316.39): C 60.74, H 8.92; found: C 60.85, H 8.47.


ACHTUNGTRENNUNG[G2.0]-ene (6): Reaction conditions and workup were as described
above, with alcohol 2 (90.0 g, 0.281 mol, 2.1 equiv), NaH (60% in mineral
oil, 28.09 g, 0.702 mol, 2.5 equiv per OH), MDC (15.48 mL, 16.72 g,
133.8 mmol, 1.0 equiv), cat. KI, [15]crown-5, and [18]crown-6 in THF
(650 mL). Purification of the residue by by HPLC (25% 2-propanol in n-
hexane) gave 6 (87.1 g, 94%) as a colorless oil. 1H NMR (500 MHz,
CDCl3, 25 8C): d =5.15 (dd, J=4.7, 13.2 Hz, 2H), 4.23–4.27 (2Tq, J=6.1,
5.7 Hz, 4H), 4.09 (d, J=10.2 Hz, 3H), 4.02–4.05 (dd, J=6.6, 8.1 Hz, 4H),
3.96 (d, J=11.6 Hz, 1H), 3.72–3.70 (m, J=8.2 Hz, 4H), 3.65–3.51 (brm,
14H), 3.45 (dt, J=5.7, 9.6 Hz, 4H), 1.37 (s, 12H; CH3), 1.33 ppm (s,
12H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d=143.0, 114.1, 109.3,
78.62, 78.60, 74.71, 74.69, 74.55, 74.54, 72.43, 72.41, 71.5, 71.3, 70.7, 70.1,
66.9, 66.7, 26.7, 25.3 ppm; IR: ñ =2986, 2875, 1456, 1371, 1256, 1214,
1082, 975, 918, 885 cm�1; EIMS (120 8C) found for C34H60O14 (calcd
692.3983): m/z (%): 692.3 (1.5) [M+], 677.2 (34.9) [M+�CH3], 114.9
(100) [C6H11O2


+], 101.0 (90.1) [C5H9O2
+], 55 (33.3) [C3H3O


+], 42.9
(37.8) [C2H3O


+].


ACHTUNGTRENNUNG[G3.0]-ene (8): Reaction conditions and workup were as described
above, with alcohol 7 (50.0 g, 71.75 mmol, 2.1 equiv), NaH (60% in min-
eral oil, 14.35 g, 0.36 mol, 5 equiv per OH), MDC (3.95 mL, 4.27 g,
34.17 mmol, 1.0 equiv), cat. KI, [15]crown-5, and [18]crown-6 in THF
(400 mL). Purification of the residue by HPLC (50% 2-propanol in n-
hexane) gave 8 (45.4 g, 92%) as a colorless oil. 1H NMR (250 MHz,
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CDCl3, 25 8C): d=5.15 (s, 2H), 4.22 (q, J=5.8 Hz, 8H), 4.03 (dd, J=6.9,
13.6 Hz, 8H), 4.01 (s, 4H), 3.70 (dd, J=6.6, 7.9 Hz, 8H), 3.77–3.41 (brm,
46H; CH2CH backbone), 1.39 (s, 24H; CH3), 1.33 ppm (s, 24H; CH3);
13C NMR (125 MHz, CDCl3, 25 8C): d =143.1, 113.6, 109.3, 78.4, 74.71,
74.6, 74.55, 74.54, 72.4, 72.41, 71.5, 71.3, 70.7, 70.1, 66.9, 66.7, 26.7,
25.4 ppm; IR: ñ=2985, 2874, 1456, 1371, 1256, 1214, 1083, 845 cm�1; ESI-
TOF-MS found for C70H124O30 (calcd 1444.8177): m/z (%): 1445.8227
[M+H]+ , 1467.8045 [M+Na]+ ; elemental analysis calcd (%) for
C70H124O30 (1445.72): C 58.15, H 8.65; found: C 58.08, H 8.24.


ACHTUNGTRENNUNG[G4.0]-ene (10): Reaction conditions and workup were as described
above, with alcohol 9 (25.0 g, 17.25 mmol, 2.1 equiv), NaH (60% in min-
eral oil, 3.45 g, 86.25 mmol, 5 equiv per OH), MDC (0.95 mL, 1.03 g,
8.21 mmol, 1.0 equiv), cat. KI, [15]crown-5, and [18]crown-6 in THF
(220 mL). Purification of the residue by by HPLC (50% 2-propanol in n-
hexane) gave 10 (15.9 g, 66%) as a colorless oil. 1H NMR (500 MHz,
CDCl3, 25 8C): d =5.15 (s, 2H), 4.21 (m, 16H), 4.02 (m, 20H), 3.70 (m,
16H), 3.63–3.42 (brm, 102H; CH2CH backbone), 1.37 (s, 48H; CH3),
1.33 ppm (s, 48H; CH3);


13C NMR (67.5 MHz, CDCl3, 25 8C): d=143.2,
112.73, 109.23, 78.78, 78.60, 78.35, 78.28, 74.70, 74.54, 72.44, 71.97, 71.68,
71.55, 71.42, 71.30, 71.14, 70.58, 70.15, 69.93 66.88, 66.75, 26.76,
25.38 ppm; IR: ñ=2985, 2874, 1456, 1371, 1256, 1214, 1083, 844 cm�1;
ESI-TOF-MS found for C142H252O62 (calcd 2949.6566): m/z (%):
2950.6563 [M+H]+ , 2972.6260 [M+Na]+ ; elemental analysis calcd (%)
for C142H252O62 (2951.48): C 57.79, H 8.61; found: C 57.52, H 8.92.


General procedure for the synthesis of [Gn]-OH : [Gn]-ene (1.0 equiv)
was dissolved in dry MeOH/CH2Cl2 (1/1, c=0.13 molL�1) and cooled to
�78 8C. Ozone was bubbled through the solution until it turned blue.
After the removal of excess ozone with a vigorous stream of oxygen,
sodium borohydride (10.0 equiv) was added. While stirring for 12–15 h
the mixture was allowed to slowly warm to room temperature. The reac-
tion mixture was quenched by addition of saturated NH4Cl solution fol-
lowed by stirring for 1–2 h. The phases were separated and the aqueous
layer was extracted with dichloromethane. The combined organic phases
were washed with water, dried over anhydrous Na2SO4, and filtered.
Evaporation of the solvent yielded the target compound in pure form.


ACHTUNGTRENNUNG[G1.0]-OH (2): Reaction conditions and workup were as described
above, with 3 (10.0 g, 31.61 mmol, 1.0 equiv) and NaBH4 (11.96 g,
0.316 mol, 10.0 equiv) in CH2Cl2/MeOH (30 mL). Extraction with CH2Cl2
yielded 2 (10.0 g, 99.0%) as a colorless oil.


ACHTUNGTRENNUNG[G2.0]-OH (7): Reaction conditions and workup were as described
above, with 6 (64.64 g, 93.3 mmol, 1.0 equiv) and NaBH4 (35.3 g,
0.933 mol, 10.0 equiv) in CH2Cl2/MeOH (720 mL). Extraction with
CH2Cl2 yielded 7 (64.9 g, 99.9%) as a colorless oil. 1H NMR (500 MHz,
CDCl3, 25 8C): d=4.22 (2Tq, J=6.2 Hz, 4H), 4.01 (dd, J=6.9, 7.7 Hz,
4H), 3.86 (tt, J=5.5, 10.9 Hz, 1H), 3.69 (m, 4H), 3.65 (m, 4H), 3.57–3.44
(brm, 18H), 3.18 (br s, 1H; OH), 1.39 (s, 12H; CH3), 1.32 ppm (s, 12H;
CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d =109.3 (4C), 78.6, 74.5, 72.4,
71.9 71.7, 71.6, 69.7, 66.7, 26.7, 25.3 ppm; IR: ñ=3490, 2986, 2876, 1456,
1371, 1257, 1214, 1081, 975, 844, 515 cm�1; FABMS found for C33H60O15


(calcd 696.3932): m/z (%): 719.4 [M+Na]+ ; elemental analysis calcd (%)
for C33H60O15 (696.8205): C 56.88, H 8.68; found: C 56.73, H 8.81.


ACHTUNGTRENNUNG[G3.0]-OH (9): Reaction conditions and workup were as described
above, with 8 (35.0 g, 24.21 mmol, 1.0 equiv) and NaBH4 (9.16 g,
0.242 mol, 10.0 equiv) in CH2Cl2/MeOH (200 mL). Extraction with
CH2Cl2 yielded 9 (34.8 g, 99.1%) as a colorless oil. 1H NMR (500 MHz,
CDCl3, 25 8C): d=4.2 (m, 8H), 4.01 (m, 8H), 3.82 (m, 1H), 3.72–3.41
(brm, 59H; CH2CH backbone, OH), 1.37 (s, 24H; CH3), 1.32 ppm (s,
24H; CH3);


13C NMR (67.5 MHz, CDCl3, 25 8C): d=109.3, 78.4, 74.7,
74.6, 72.4, 71.5, 71.2, 70.4, 66.7, 26.7, 25.4 ppm; IR: ñ=3460, 2986, 2878,
1727, 1456, 1372, 1257, 1215, 1082, 975, 844 cm�1; ESI-TOF-MS found for
C69H124O31 (calcd 1448.8127): m/z (%): 1449.8207 [M+H]+ , 1466.8479
[M+NH4]


+ , 1471.8041 [M+Na]+ ; elemental analysis calcd (%) for
C69H124O31 (1449.7043): C 57.17, H 8.62; found: C 56.87, H 8.60.


ACHTUNGTRENNUNG[G4.0]-OH (11): Reaction conditions and workup were as described
above, with 10 (10.0 g, 3.39 mmol, 1.0 equiv) and NaBH4 (1.28 g,
33.88 mmol, 10.0 equiv) in CH2Cl2/MeOH (30 mL). Extraction with
CH2Cl2 yielded 11 (10.0 g, 99.9%) as a colorless oil. 1H NMR (500 MHz,
CDCl3, 25 8C): d =4.20 (p, J=5.8 Hz, 16H), 4.00 (m, 16H), 3.80 (m, 1H),


3.68 (m, 20H), 3.64–3.41 (brm, 102H; CH2CH backbone), 2.97 (br s, 1H;
OH), 1.36 (s, 48H; CH3), 1.30 ppm (s, 48H; CH3);


13C NMR (125 MHz,
CDCl3, 25 8C): d=109.2, 78.51, 78.29, 78.22, 74.62, 74.49, 72.38, 71.50,
71.35, 71.24, 71.05, 70.23, 69.85, 69.57, 66.79, 66.68, 26.72, 25.35 ppm; IR:
ñ=3501, 2985, 2875, 1456, 1371, 1256, 1214, 1106, 975, 844, 515 cm�1;
ESI-TOF-MS found for C141H252O63 (calcd 2953.6515): m/z (%):
2954.6738 [M+H]+ , 2976.6684 [M+Na]+ ; 2992.6075 [M+K] + ; elemental
analysis calcd (%) for C141H252O63 (2955.4718): C 57.30, H 8.59; found: C
56.98, H 8.62.


General procedure for the synthesis of azide dendrons [Gn]-N3 : Metha-
nesulfonyl chloride (MsCl, 1.1–3.0 equiv) was added to a solution of
[Gn]-OH (1.0 equiv) and triethylamine (1.1–3.0 equiv) in toluene cooled
to 0 8C in an ice bath. Progress of the reaction was monitored by TLC.
After completion, the precipitate was removed by filtration and the mix-
ture concentrated under vacuum to give the final product (100%). The
crude product was used for next reaction step. NaN3 (2.5–5.0 equiv) was
added to a solution of [Gn]-OMs (1.0 equiv) in dry DMF. After the mix-
ture had been stirred at 120 8C under argon for 3 h, excess NaN3 was fil-
tered off and DMF was removed under high vacuum by cryodistillation.
The crude product was purified by filtration over a thin layer of silica gel
(ethyl acetate/n-hexane). [Gn]-N3 was obtained as a light yellow, viscous
oil.


ACHTUNGTRENNUNG[G1.0]-N3 (12): Reaction conditions and workup were as described
above, with 2 (20.0 g, 62.43 mmol, 1.0 equiv), Et3N (9.21 mL, 65.55 mmol,
1.1 equiv), MsCl (5.06 mL, 65.55 mmol, 1.1 equiv) in toluene (160 mL).
The crude product [G1.0]-OMs (62.43 mmol, 1.0 equiv) was treated with
NaN3 (10.2 g, 0.157 mol, 2.5 equiv) in dry DMF (150 mL). Filtration
through a thin layer of silica gel (ethyl acetate/n-hexane 2/1) gave 12
(20.7 g, 96%) as a light yellow, viscous oil. 1H NMR (500 MHz,
[D6]acetone, 25 8C): d=4.21 (q, J=11.7, 6.2, 5.6 Hz, 2H), 4.03 (ddd, J=


8.2, 6.4, 1.0 Hz, 2H), 3.76 (m, 1H), 3.72 (dd, J=8.2, 6.3 Hz, 2H), 3.67
(tdd, J=9.6, 7.8, 4.5 Hz, 2H), 3.61 (ddd, J=5.5, 5.0, 2.2 Hz, 2H), 3.54
(ddd, J=17.9, 10.3, 5.1 Hz, 4H), 1.34 (s, 6H; CH3), 1.28 ppm (s, 6H;
CH3);


13C NMR (125 MHz, [D6]acetone, 25 8C): d =109.6, 75.51, 75.50,
73.0, 72.9, 71.7, 71.6, 67.2, 61.5, 27.1, 25.7 ppm; IR: ñ=2987, 2935, 2875,
2100, 1456, 1380, 1371, 1258, 1214, 1081, 1055, 975, 844, 515 cm�1;
FABMS (mNBA) found for C15H27N3O6 (calcd 345.39): m/z (%): 346.3
[M+H]+ , 368.2 [M+Na]+ ; elemental analysis calcd (%) for C15H27N3O6


(345.39): C 52.16, H 7.88, N 12.17; found: C 52.03, H 7.46, N 11.84.


ACHTUNGTRENNUNG[G2.0]-N3 (13): Reaction conditions and workup were as described
above, with 7 (25.0 g, 35.88 mmol, 1.0 equiv), Et3N (5.45 mL, 39.46 mmol,
1.1 equiv), and MsCl (3.04 mL, 39.46 mmol, 1.1 equiv) in toluene
(150 mL). The crude product [G2.0]-OMs (35.88 mmol, 1.0 equiv) was
treated with NaN3 (11.68 g, 0.179 mol, 5.0 equiv) in dry DMF (150 mL).
Filtration through a thin layer of silica gel (ethyl acetate/n-hexane 6/1)
gave 13 (25.6 g, 99%) as a light yellow, viscous oil. 1H NMR (500 MHz,
CDCl3, 25 8C): d=4.22 (qtd, J=3.0, 5.9, 8.7 Hz, 4H), 4.02 (dd, J=6.6,
8.1 Hz, 4H), 3.71 (dd, J=7.3 Hz, 5H), 3.67–3.51 (m, 18H), 3.47 (dt, J=


5.3, 10.3 Hz, 4H), 1.36 (s, 12H; CH3), 1.39 ppm (s, 12H; CH3);
13C NMR


(125 MHz, CDCl3, 25 8C): d=109.3, 78.4, 74.6, 74.5, 72.4, 71.6, 71.4, 71.1,
66.7, 66.6, 60.5, 26.7, 25.3 ppm; IR (KBr): ñ =2986, 2934, 2874, 2100,
1456, 1380, 1371, 1258, 1214, 1082, 1055, 975, 844, 515 cm�1; ESI-TOF-
MS found for C33H59O14N3 (calcd 721.3997): m/z (%): 722.4001 [M+H]+ ,
744.3880 [M+Na]+ , 760.3622 [M+K]+ .


ACHTUNGTRENNUNG[G3.0]-N3 (14): Reaction conditions and workup were as described
above, with 9 (7.0 g, 4.83 mmol, 1.0 equiv), Et3N (1.34 mL, 9.66 mmol,
2.0 equiv), and MsCl (0.75 mL, 9.66 mmol, 2.0 equiv) in toluene (60 mL).
The crude product [G3.0]-OMs (4.83 mmol, 1.0 equiv) was treated with
NaN3 (1.57 g, 24.14 mmol, 5.0 equiv) in dry DMF (60 mL). Filtration
through a thin layer of silica gel (ethyl acetate/n-hexane 10/1) gave 14
(6.5 g, 91%) as a light yellow, viscous oil. 1H NMR (500 MHz, CDCl3,
25 8C): d=4.22 (m, 8H), 4.02 (dd, J=6.5, 8.2 Hz, 8H), 3.70 (dd, J=6.3,
8.3 Hz, 8H), 3.77–3.42 (brm, 51H; CHCH2 backbone), 1.39 (s, 24H;
CH3), 1.33 ppm (s, 24H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d=


109.3, 79.0, 78.8, 78.4, 78.3, 74.7, 74.5, 72.4, 71.5, 71.4, 71.2, 70.3, 66.7,
66.6, 60.4, 26.8, 25.4 ppm; IR: ñ =2986, 2934, 2874, 2100, 1456, 1380,
1371, 1258, 1214, 1082, 1055, 975, 844, 515 cm�1; ESI-TOF-MS found for
C69H123O30N3 (calcd 1473.8191): m/z (%): 759.9144 [M+2Na]2+ ,
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1496.8243 [M+Na]+ ; elemental analysis calcd (%) for C69H123N3O30


(1474.72): C 56.20, H 8.41, N 2.85; found: C 56.10, H 8.61, N 3.03.


ACHTUNGTRENNUNG[G4.0]-N3 (15): Reaction conditions and workup were as described
above, with 11 (6.0 g, 2.03 mmol, 1.0 equiv), Et3N (0.86 mL, 6.09 mmol,
3.0 equiv), and MsCl (0.47 mL, 6.09 mmol, 3.0 equiv) in toluene (40 mL).
The crude product [G4.0]-OMs (2.03 mmol, 1.0 equiv) was treated with
NaN3 (0.66 g, 10.15 mmol, 5.0 equiv) in dry DMF (50 mL). Filtration
through a thin layer of silica gel (2-propanol/n-hexane 1/1) gave 15
(6.02 g, 99.5%) as a light yellow, viscous oil. 1H NMR (500 MHz, CDCl3,
25 8C): d=4.21 (m, 16H), 4.01 (m, 16H), 3.80 (m, 1H), 3.69 (m, 20H),
3.64–3.42 (brm, 102H; CH2CH backbone), 1.38 (s, 48H; CH3), 1.32 ppm
(s, 48H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d=109.25, 79.08,
78.78, 78.58, 78.29, 74.70, 74.56, 72.46, 71.31, 71.14, 69.91, 66.92, 66.77,
61.68, 26.78, 25.41 ppm; IR: ñ =2985, 2875; 2101, 1456, 1371, 1257, 1214,
1108, 975, 844, 515 cm�1; ESI-TOF-MS found for C141H251N3O62 (calcd
2978.6580): 1015.8753 [M+3Na]3+ , 1490.3352 [M+2H]2+ , 1512.3181
[M+2Na]2+ , 3001.6304 [M+Na]+ .


General procedure for the coupling of azide dendrons to the aromatic
core : DIPEA (10–30 mol% per triple bond) was added to 1.0 equiv of
oligoacetylene core (16–19) and 1.1 equiv of [Gn]-N3 per triple bond dis-
solved in THF. After the mixture had been stirred for 5 min, 10–
30 mol% per triple bond of sodium ascorbate was added, followed by 5–
15 mol% of CuSO4·5H2O per triple bond. (A stock solution of sodium
ascorbate and CuSO4·5H2O in water was prepared in concentration
100 mg/mL) The THF/H2O ratio must be 1/1 (v/v). The heterogeneous
mixture was stirred vigorously until TLC analysis indicated complete
consumption of the starting material. The reaction mixture was diluted
with water and extracted with dichloromethane. The combined organic
layers were washed with a small amount of saturated solution of EDTA,
dried with Na2SO4, and concentrated in vacuo. Purification by column
chromatography or HPLC gave the desired product.


Ph-1,3-click-[G1.0] (20a): Reaction conditions and workup were as de-
scribed above, with 16 (0. 498 g, 3.948 mmol, 1.0 equiv), 12 (3.0 g,
8.686 mmol, 2.2 equiv), DIPEA (65.2 mL, 0.395 mmol, 0.1 equiv), sodium
ascorbate (156.4 mg, 0.79 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (98.6 mg, 0.395 mmol, 0.1 equiv) in THF/H2O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6/1) and 5%
MeOH in CH2Cl2) gave 20a (3.021 g, 95.6%). 1H NMR (500 MHz,
CDCl3, 25 8C): d =8.26 (s, 1H), 8.10–8.0 (m, 2H), 7.77 (m, 2H,), 7.42 (t,
1H, J=7.7 Hz), 4.90 (m, 2H), 4.93 (q, 1H, J=5.6 Hz), 4.63 (m, 1H), 4.45
(m, 1H), 4.18 (m, 4H), 3.96 (m, 10H), 3.72–3.41 (m, 13H), 1.39–
1.29 ppm (m, 24H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d=147.15,
146.93, 131.17, 129.15, 125.09, 122.66, 121.60, 121.46, 120.25, 120.17,
109.39, 109.36, 98.10, 77.68, 74.55, 74.42, 74.36, 72.62, 72.40, 72.31, 72.10,
71.56, 70.34, 70.07, 70.0, 66.31, 66.14, 60.54, 60.46, 60.39, 51.25, 51.10,
26.57, 25.17 ppm; IR: ñ=3567, 3135, 2985, 2877,1618, 1456, 1371, 1215,
1054, 974, 841, 798, 698, 516 cm�1; ESI-TOF-MS found for C40H60N6O12


(calcd 816.4269): m/z (%): 817.4346 [M+H]+ , 839.4167 [M+Na]+ ,
855.3911 [M+K]+ ; elemental analysis calcd (%) for C40H60N6O12


(816.94): C 58.81, H 7.40, N 10.29; found: C 58.36, H 7.19, N 10.21.


Ph-1,3-click-[G2.0] (20b): Reaction conditions and workup were as de-
scribed above, with 16 (0.25 g, 1.982 mmol, 1.0 equiv), 13 (3.15 g,
4.36 mmol, 2.2 equiv), DIPEA (32.7 mL, 0.198 mmol, 0.1 equiv), sodium
ascorbate (78.5 mg, 0.396 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (49.5 mg, 0.198 mmol, 0.1 equiv) in THF/H2O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6/1) and 5%
MeOH in CH2Cl2) gave 20b (3.01 g, 97%). 1H NMR (500 MHz, CDCl3,
25 8C): d=8.31 (s, 1H), 8.11, 8,07, 8,02 (m, 2H), 7.76 (br s, 2H,), 7.43 (t,
1H, J=7.7 Hz), 4.90 (m, 2H), 4.17 (m, 8H), 4.05 (m, 5H), 3.95 (m,
11H), 3.62 (m, 12H), 3.57–3.36 (brm, 32H), 1.34 (s, 24H; CH3),
1.28 ppm (s, 24H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d=146.70,
146.60, 131.39, 131.31, 129.19, 125.02, 122.51, 120.48, 120.29, 109.25,
109.18, 78.65, 78.33, 74.69, 74.64, 74.51, 72.40, 71.64, 71.46, 71.30, 70.18,
69.27, 66.58, 66.43, 61.18, 60.93, 26.65, 25.26 ppm; ESI-TOF-MS found for
C76H124N6O28 (calcd 1568.8464): m/z (%): 1569.8499 [M+H]+ , 1591.8315
[M+Na]+ , 1607.8075 [M+K]+ .


Ph-1,3-click-[G3.0] (20c): Reaction conditions and workup were as de-
scribed above, with 16 (77.8 mg, 0.616 mmol, 1.0 equiv), 14 (2.0 g,


1.356 mmol, 2.2 equiv), DIPEA (10.2 mL, 0.062 mmol, 0.1 equiv), sodium
ascorbate (24.4 mg, 0.123 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (15.4 mg, 0.062 mmol, 0.1 equiv) in THF/H2O (10 mL). Purifica-
tion by HPLC (2% MeOH in CH2Cl2) gave 20c (0.6 g, 32%). 1H NMR
(500 MHz, CDCl3, 25 8C): d=8.40–8.34 (m, 1H), 8.13 (m, 2H), 7.74, 7.73
(2s, 2H), 7.43 (t, 1H, J=7.6 Hz), 4.88 (m, 2H), 4.17 (m, 16H), 4.04 (m,
8H), 3.98 (m, 16H), 3.62 (m, 20H), 3.57–3.36 (brm, 86H), 1.34 (s, 24H;
CH3), 1.28 ppm (s, 24H; CH3);


13C NMR (67.5 MHz, CDCl3, 25 8C): d=


146.47, 131.57, 130.78, 129.10 (C-2), 125.05, 122.53, 122.51, 120.74, 109.22,
79.06, 78.80, 78.51, 78.31, 74.67, 74.53, 72.39, 71.48, 71.40, 71.24, 71.18,
70.29, 69.28, 66.80, 66.75, 66.62, 61.26, 26.71, 25.34 ppm; ESI-TOF-MS
found for C148H252N6O60 (calcd 3073.6852): m/z (%): 1537.8480
[M+2H]2+ , 1559.8312 [M+2Na]2+ ; elemental analysis calcd (%) for
C148H252N6O60 (3075.5887): C 57.80, H 8.26, N 2.73; found: C 57.54, H
7.88, N 2.99.


Ph-1,4-click-[G1.0] (21a): Reaction conditions and workup were as de-
scribed above, with 17 (0. 498 g, 3.948 mmol, 1.0 equiv), 12 (3.0 g,
8.686 mmol, 2.2 equiv), DIPEA (65.2 mL, 0.395 mmol, 0.1 equiv), sodium
ascorbate (156.4 mg, 0.79 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (98.6 mg, 0.395 mmol, 0.1 equiv) in THF/H2O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6:1) and 5%
MeOH in CH2Cl2) gave 21a (3.071 g, 97%). 1H NMR (500 MHz, CDCl3,
25 8C): d =8.11–8.0 (m, 2H), 7.87 (m, 4H), 4.94 (q, 1H, J=5.4 Hz), 4.62
(m, 1H), 4.47 (m, 1H), 4.20 (m, 4H), 3.97 (m, 10H), 3.74–3.43 (brm,
13H), 1.39–1.29 ppm (m, 24H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C):
d=147.0, 130.32, 125.90, 121.48, 121.34, 120.17, 109.48, 109.43, 77.74,
74.68, 74.60, 74.50, 74.41, 72.47, 72.13, 71.26, 71.21, 70.35, 70.18, 70.11,
70.06, 70.0, 66.34, 66.16, 60.45, 51.15, 26.64, 25.22 ppm; IR: ñ=3567,
3137, 2985, 2878, 1772, 1482, 1456, 1371, 1214, 1054, 973, 841, 735, 698,
516 cm�1; QFTESIMS found for C40H60N6O12 (calcd 816.4269): m/z (%):
817.4342 [M+H]+ , 839.4152 [M+Na]+ , 855.3858 [M+K]+ ; elemental
analysis calcd (%) for C40H60N6O12 (816.94): C 58.81, H 7.40, N 10.29;
found: C 58.71, H 7.29, N 10.10.


Ph-1,4-click-[G2.0] (21b): Reaction conditions and workup were as de-
scribed above, with 16 (0.25 g, 1.982 mmol, 1.0 equiv), 13 (3.15 g,
4.36 mmol, 2.2 equiv), DIPEA (32.7 mL, 0.198 mmol, 0.1 equiv), sodium
ascorbate (78.5 mg, 0.396 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (49.5 mg, 0.198 mmol, 0.1 equiv) in THF/H2O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6/1) and 5%
MeOH in CH2Cl2) gave 21b (2.42 g, 78%). 1H NMR (500 MHz, CDCl3,
25 8C): d =8.05, 8,01, 7.97, 7.96 (m, 2H), 7.86 (s, 4H), 4.90 (m, 2H), 4.17
(m, 8H), 4.06 (m, 5H), 3.95 (m, 11H), 3.62 (m, 12H), 3.57–3.36 (brm,
32H), 1.34 (s, 24H; CH3), 1.26 ppm (s, 24H; CH3);


13C NMR (125 MHz,
CDCl3, 25 8C): d=146.63, 130.35, 125.85, 120.10, 109.26, 78.63, 78.31,
74.67, 74.62, 74.50, 72.38, 71.60, 71.47, 71.29, 71.16, 70.18, 69.27, 66.56,
66.41, 61.20, 60.92, 26.64, 25.24 ppm; ESI-TOF-MS found for
C76H124N6O28 (calcd 1568.8464): m/z (%): 1569.8650 [M+H]+ , 1591.8483
[M+Na]+ .


Ph-1,4-click-[G3.0] (21c): Reaction conditions and workup were as de-
scribed above, with 16 (77.8 mg, 0.616 mmol, 1.0 equiv), 14 (2.0 g,
1.356 mmol, 2.2 equiv), DIPEA (10.2 mL, 0.062 mmol, 0.1 equiv), sodium
ascorbate (24.4 mg, 0.123 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (15.4 mg, 0.062 mmol, 0.1 equiv) in THF/H2O (10 mL). Purifica-
tion by HPLC (2% MeOH in CH2Cl2) gave 21c (0.56 g, 30%). 1H NMR
(500 MHz, CDCl3, 25 8C): d=8.09 (m, 2H), 7.88 (s, 4H), 4.83 (m, 2H),
4.18 (m, 16H), 4.04 (m, 7H), 3.98 (m, 17H), 3.66 (m, 20H), 3.57–3.38
(brm, 86H), 1.36 (s, 48H; CH3), 1.30 ppm (s, 48H; CH3);


13C NMR
(67.5 MHz, CDCl3, 25 8C): d =146.36, 130.50, 125.85, 120.10, 109.22,
79.05, 78.81, 78.50, 78.31, 74.66, 74.52, 72.39, 71.49, 71.38, 71.19, 70.13,
69.27, 66.78, 66.60, 61.24, 26.69, 25.32 ppm; ESI-TOF-MS found for
C148H252N6O60 (calcd 3073.6852): m/z (%): 1537.8454 [M+2H]2+ ,
1548.8356 [M+H+Na]2+ , 1559.8268 [M+2Na]2+ , 1567.8268
[M+Na+K]2+ ; elemental analysis calcd (%) for C148H252N6O60


(3075.5887): C 57.80, H 8.26, N 2.73; found: C 57.76, H 8.31, N 3.08.


Ph-1,3,5-click-[G1.0] (22a): Reaction conditions and workup were as de-
scribed above, with 18 (0.2 g, 1.332 mmol, 1.0 equiv), 12 (1.518 g,
4.395 mmol, 3.3 equiv), DIPEA (33.0 mL, 0.1998 mmol, 0.15 equiv),
sodium ascorbate (79.2 mg, 0.3996 mmol, 0.3 equiv), and copper(II) sul-
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fate pentahydrate (50.0 mg, 0.1998 mmol, 0.15 equiv) in THF/H2O
(14 mL). Purification by column chromatography (ethyl acetate/n-hexane
(6/1) and 5% MeOH in CH2Cl2) gave 22a (1.55 g, 98.3%). 1H NMR
(500 MHz, CDCl3, 25 8C): d=8.31 (s, 3H), 8.15 (m, 3H), 4.98 (q, 3H, J=


5.6 Hz), 4.22 (m, 6H), 3.99 (m, 18H), 3.64 (m, 6H), 3.55–3.47 (m, 12H),
1.37 (s, 18H; CH3), 1.31 ppm (s, 18H; CH3); C13 NMR (125 MHz, CDCl3,
25 8C): d =146.9, 131.9, 122.4, 120.7, 109.7, 74.7, 72.7, 72.4, 70.4, 70.3,
66.4, 60.9, 26.8, 25.4 ppm; ESI-TOF-MS found for C57H87N9O18 (calcd
1185.6169): m/z (%): 1186.6277 [M+H]+ , 1208.6104 [M+Na]+ , 1224.5849
[M+K]+ .


Ph-1,3,5-click-[G2.0] (22b): Reaction conditions and workup were as de-
scribed above, with 18 (0.2 g, 1.332 mmol, 1.0 equiv), 13 (3.172 g,
4.395 mmol, 3.3 equiv), DIPEA (33.0 mL, 0.1998 mmol, 0.15 equiv),
sodium ascorbate (79.2 mg, 0.3996 mmol, 0.3 equiv), and copper(II) sul-
fate pentahydrate (50.0 mg, 0.1998 mmol, 0.15 equiv) in THF/H2O
(14 mL). Purification by column chromatography (ethyl acetate/n-hexane
(6/1) and 5% MeOH in CH2Cl2) gave 22b (2.79 g, 91%). 1H NMR
(500 MHz, CDCl3, 25 8C): d =8.27 (s, 3H), 8.23–8.12 (m, 3H), 4.92 (m,
3H), 4.17 (m, 12H), 4.05 (m, 8H), 3.95 (m, 16H), 3.64 (m, 20H), 3.54–
3.47 (m, 46H), 1.33 (s, 36H; CH3), 1.26 ppm (s, 36H; CH3);


13C NMR
(125 MHz, CDCl3, 25 8C): d =146.53, 132.1, 122.0, 120.73, 109.4, 78.85,
78.51, 74.75, 74.70, 72.55, 71.65, 70.36, 69.42, 69.38, 66.4, 66.61, 61.08,
26.83, 25.45 ppm; ESI-TOF-MS found for C111H183N9O42 (calcd
2314.2461): m/z (%): 2315.2548 [M+H]+ , 2337.2186 [M+Na]+ , 2353.2322
[M+K]+ .


Ph-1,3,5-click-[G3.0] (22c): Reaction conditions and workup were as de-
scribed above, with 18 (77.3 mg, 0.514 mmol, 1.0 equiv), 14 (2.5 g,
1.695 mmol, 3.3 equiv), DIPEA (25.4 mL, 0.154 mmol, 0.3 equiv), sodium
ascorbate (61.1 mg, 0.308 mmol, 0.6 equiv), and copper(II) sulfate penta-
hydrate (38.5 mg, 0.154 mmol, 0.3 equiv) in THF/H2O (14 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (10/1) and 5%
MeOH in CH2Cl2) gave 22c (1.02 g, 44%). 1H NMR (500 MHz, CDCl3,
25 8C): d=8.43–4.83 (brm, 6H), 4.88 (m, 3H), 4.17 (m, 24H), 4.03–3.97
(brm, 34H), 3.68–3.46 (brm, 164H), 1.36 (s, 72H; CH3), 1.26 ppm (s,
72H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d=146.6, 129.30, 128.31,
123.14, 120.47, 109.25, 78.82, 78.50, 78.31, 74.64, 74.51, 72.37, 71.38, 70.28,
69.20, 69.16, 66.60 66.61, 26.69, 25.32 ppm; ESI-TOF-MS found for
C219H375N9O90 (calcd 4571.5044): m/z (%): 2286.2651 [M+2H]2+ ,
2337.2186 [M+Na]+ , 2353.2322 [M+K]+ .


Ph-Ph-1,3,5-click-[G1.0] (23a): Reaction conditions and workup were as
described above, with 19 (0.2 g, 0.528 mmol, 1.0 equiv), 12 (0.602 g,
1.744 mmol, 3.3 equiv), DIPEA (39.2 mL, 0.238 mmol, 0.45 equiv),
sodium ascorbate (94.2 mg, 0.476 mmol, 0.9 equiv), and copper(II) sulfate
pentahydrate (59.4 mg, 0.238 mmol, 0.45 equiv) in THF/H2O (8 mL). Pu-
rification by column chromatography (ethyl acetate/n-hexane (3/1) and
5% MeOH in CH2Cl2) gave 23a (0.74 g, 99%). 1H NMR 500 MHz,
CDCl3, 25 8C): d=8.09 (t, 3H, J=9.8 Hz), 7.95 (d, 6H, J=8.2 Hz), 7.83
(s, 3H), 7.76 (d, 6H, J=8.3 Hz), 4.96 (m, 3H), 4.12 (m, 6H), 4.98 (m,
18H), 3.64 (m, 6H), 3.51 (m, 12H), 1.37 (s, 18H), 1.31 ppm (s, 18H);
13C NMR (125 MHz, CDCl3, 25 8C): d=146.86, 141.75, 140.41, 129.98,
127.57, 125.98, 124.74, 120.22, 109.43, 109.40, 74.45, 74.37, 72.39, 72.07,
70.03, 69.97, 66.12, 60.45, 26.59, 25.19 ppm; ESI-TOF-MS found for
C75H99N9O18 (calcd 1413.7108): m/z (%): 1414.7170 [M+H]+ , 1436.6993
[M+Na]+ , 1452.6667 [M+K]+ .


Ph-Ph-1,3,5-click-[G2.0] (23b): Reaction conditions and workup were as
described above, with 19 (0.14 g, 0.37 mmol, 1.0 equiv), 13 (0.881 g,
1.221 mmol, 3.3 equiv), DIPEA (27.4 mL, 0.166 mmol, 0.45 equiv),
sodium ascorbate (65.9 mg, 0.333 mmol, 0.9 equiv), and copper(II) sulfate
pentahydrate (41.5 mg, 0.166 mmol, 0.45 equiv) in THF/H2O (8 mL). Pu-
rification by column chromatography (ethyl acetate/n-hexane (6/1) and
10% MeOH in CH2Cl2) gave 23b (0.80 g, 87%). 1H NMR (400 MHz,
CDCl3, 25 8C): d=8.096–8.05 (brm, 3H), 7.95 (d, 6H, J=7.8 Hz), 7.82 (s,
3H), 7.76 (d, 6H, J=8.0 Hz), 4.92 (m, 3H), 4.18 (m, 12H), 4.07 (m, 6H),
3.98 (m, 16H), 3.64–3.34 (brm, 68H), 1.35 (s, 36H), 1.29 ppm (s, 36H);
13C NMR (100 MHz, CDCl3, 25 8C): d=146.75, 146.64, 146.54, 141.80,
140.45, 130.17, 130.07, 129.97, 127.62, 125.97, 124.76, 120.38, 120.22,
109.28, 78.65, 78.34, 74.67, 74.50, 72.41, 71.62, 71.50, 70.21, 69.32, 66.60,


66.45, 61.24, 60.98, 26.66, 25.26 ppm; QFT-ESI MS found for
C129H195N9O42 (calcd 2542.3400): m/z (%): 1272.1793 [M+2H]2+ .


Ph-Ph-1,3,5-click-[G3.0] (23c): Reaction conditions and workup were as
described above, with 19 (0.19 g, 0.502 mmol, 1.0 equiv), 14 (2.443 g,
1.657 mmol, 3.3 equiv), DIPEA (74.5 mL, 0.226 mmol, 0.9 equiv), sodium
ascorbate (89.5 mg, 0.452 mmol, 0.9 equiv), and copper(II) sulfate penta-
hydrate (56.4 mg, 0.226 mmol, 0.45 equiv) in THF/H2O (8 mL). Purifica-
tion by column chromatography (35% 2-propanol in n-hexane and 10%
MeOH in CH2Cl2) gave 23c (1.73 g, 72%). 1H NMR (500 MHz, CDCl3,
25 8C): d=8.11 (br s, 3H), 7.95 (d, 6H, J=7.7 Hz), 7.83 (s, 3H), 7.76 (d,
6H, J=7.9 Hz), 4.89 (m, 3H), 4.17 (m, 24H), 4.07 (m, 9H), 3.98 (m,
24H), 3.64–3.41 (brm, 165H), 1.37 (s, 72H), 1.31 ppm (s, 72H); 13C NMR
(125 MHz, CDCl3, 25 8C): d=146.33, 141.74, 140.34, 130.28, 127.60,
125.97, 124.72, 120.62, 109.21 78.81, 78.46, 78.25, 74.61, 74.48, 74.45,
72.35, 71.48, 71.35, 71.14, 70.31, 70.14, 69.34, 66.75, 66.56, 66.37, 61.32,
26.67, 25.29 ppm; ESI-TOF-MS found for C237H387N9O90 (calcd
4799.5983): m/z (%): 1600.8726 [M+3H]3+ , 2400.8223 [M+2H]2+ ,
2422.7902 [M+2Na]2+ .


General procedure for the deprotection of the alcohol functionality : Ion-
exchange resin Dowex 50W was added to 1.0 equiv of acetal-protected
compound (20–23) dissolved in MeOH, and the mixture heated to reflux
for 12–24 h. After cooling, Dowex 50W was filtered off and washed with
a 5% solution of Et3N in MeOH, and concentration of the residue under
vacuum yielded 24–27.


Ph-1,3-click-[G1.0]-OH (24a): Reaction conditions and workup were as
described above, with 20a (1.06 g, 1.31 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 24a (0.743 g, 1.13 mmol, 86.4%). 1H NMR
(250 MHz, CD3OD, 25 8C): d=8.53, 8.49, 8.45, 8.42 (brm, 2H), 8.22 (s,
1H), 7.76 (d, 2H, J=7.8 Hz), 7.44 (t, 1H, J=7.8 Hz), 5.01 (m, 2H) 4.77–
4.66 (m, 2H), 3.94 (m, 6H), 3.68 (m, 4H), 3.45 ppm (brm, 16H);
13C NMR (100 MHz, CD3OD, 25 8C): d =148.25, 148.08, 132.52, 132.45,
130.69, 126.38, 124.12, 124.08, 123.91, 122.65, 78.89, 78.81, 73.96, 73.83,
73.72, 72.69, 72.63, 72.31, 72.13, 72.04, 71.27, 64.27, 64.20, 62.49,
52.18 ppm; ESI-TOF-MS found for C28H44N6O12 (calcd 656.3017): m/z
(%): 657.3074 [M+H]+ , 679.2891 [M+Na]+ , 695.2601 [M+K]+ .


Ph-1,3-click-[G2.0]-OH (24b): Reaction conditions and workup were as
described above, with 20b (1.77 g, 1.764 mmol) in MeOH (30 mL). Evap-
oration of the solvent gave 24b (1.395 g, 1.12 mmol, 99%). 1H NMR
(500 MHz, CD3OD, 25 8C): d =8.60, 8.58, 8.56 (m, 2H), 8.37 (s, 1H), 7.87
(d, 2H, J=8.0 Hz), 7.55 (t, 1H, J=7.8 Hz), 5.08 (m, 2H), 4.20–4.01
(brm, 8H), 3.74 (m, 12H), 3.65–3.40 ppm (brm, 48H); 13C NMR
(100 MHz, CD3OD, 25 8C): d =147.96, 147.90, 132.54, 130.80, 126.48,
123.84, 122.93, 122.83, 80.03, 79.67, 73.89, 72.83, 72.75, 72.47, 72.40, 72.13,
71.41, 70.47, 64.39, 63.26, 62.94 ppm; ESI-TOF-MS found for C52H92N6O28


(calcd 1248.5960): m/z (%): 1249.6002 [M+H]+ , 1271.5827 [M+Na]+ ,
1287.5562 [M+K]+ .


Ph-1,3-click-[G3.0]-OH (24c): Reaction conditions and workup were as
described above, with 20c (0.483 g, 0.157 mmol) in MeOH (10 mL).
Evaporation of the solvent gave 24c (0.378 g, 0.155 mmol, 99%).
1H NMR (400 MHz, CD3OD, 25 8C): d=8.59 (m, 1H), 8.41 (m, 1H), 7.86
(d, 1H, J=7.3 Hz), 7.57 (t, 1H, J=7.7 Hz), 4.07 (m, 2H), 4.16 (m, 8H),
3.70–3.40 ppm (brm, 140H); 13C NMR (100 MHz, CD3OD, 25 8C): d=


147.78, 131.77, 129.10, 127.46, 123.09, 120.74, 80.56, 80.31, 79.83, 76.13,
73.97, 72.95, 72.43, 72.30, 72.20, 71.28, 71.07, 70.51, 67.56, 64.52,
63.43 ppm; ESI-TOF-MS found for C100H188N6O60 (calcd 2433.1844): m/z
(%): 1217.5989 [M+2H]2+ , 1239.5814 [M+2Na]2+ , 2434.1578 [M+H]+ ,
2456.1628 [M+Na]+ .


Ph-1,4-click-[G1.0]-OH (25a): Reaction conditions and workup were as
described above, with 21b (1.1 g, 1.35 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 25b (0.774 g, 1.19 mmol, 88%). H1 NMR
(250 MHz, CD3OD, 25 8C): d =8.66, 8.61, 8.56, 8.54 (m, 2H), 7.98 (s, 4H),
5.14 (m, 2H), 4.77–4.66 (m, 2H), 4.07 (m, 6H), 3.81 (m, 4H), 3.58 ppm
(brm, 16H); 13C NMR (100 MHz, CD3OD, 25 8C): d =148.20, 148.04,
131.64, 127.19, 123.98, 123.94, 122.53, 83.47, 78.92, 78.84, 73.85, 73.73,
72.15, 71.29, 64.26, 62.51, 52.19 ppm; ESI-TOF-MS found for
C28H44N6O12 (calcd 656.3017): m/z (%): 657.3094 [M+H]+, 679.2906
[M+Na]+ .
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Ph-1,4-click-[G2.0]-OH (25b): Reaction conditions and workup were as
described above, with 21b (1.5 g, 0.955 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 25b (1.13 g, 0.91 mmol, 95%). 1H NMR
(400 MHz, CD3OD, 25 8C): d =8.54, 8.53, 8.52, 8.50 (m, 2H), 7.95 (s, 4H),
5.04 (m, 2H), 4.18, 4.12 (m, 5H), 4.02, 3.98 (m, 3H), 3.71 (m, 10H), 3.63–
3.38 ppm (brm, 50H); 13C NMR (100 MHz, CD3OD, 25 8C): d=147.90,
131.66, 122.70, 80.09, 79.74, 73.92, 72.88, 72.79, 72.53, 72.46, 72.37, 72.19,
71.35, 70.52, 64.43, 63.29, 62.98 ppm; ESI-TOF-MS found for
C52H92N6O28 (calcd 1248.5960): m/z (%): 1249.6003 [M+H]+ , 1271.5822
[M+Na]+ , 1287.5535 [M+K]+ .


Ph-1,4-click-[G3.0]-OH (25c): Reaction conditions and workup were as
described above, with 21c (0.526 g, 0.171 mmol) in MeOH (10 mL).
Evaporation of the solvent gave 25c (0.406 g, 0.167 mmol, 98%).
1H NMR (400 MHz, CD3OD, 25 8C): d=8.57 (s, 2H), 7.98 (s, 4H), 5.06
(m, 2H), 3.74 (m, 8H), 3.66–3.41 ppm (brm, 140H); 13C NMR
(67.5 MHz, CD3OD, 25 8C): d =147.85, 132.77, 130.97, 126.64, 123.89,
123.20, 80.56, 80.31, 80.08, 79.83, 73.96, 72.95, 72.43, 72.30, 72.19, 71.28,
71.07, 70.53, 64.52, 63.40 ppm; ESI-TOF-MS found for C100H188N6O60


(calcd 2433.1844): m/z (%): 1217.6011 [M+2H]2+ , 1228.5929
[M+H+Na]2+ , 2434.2160 [M+H]+ .


Ph-1,3,5-click-[G1.0]-OH (26a): Reaction conditions and workup were as
described above, with 22a (1.38 g, 1.16 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 26a (1.05 g, 1.1 mmol, 95.3%). 1H NMR
(250 MHz, CD3OD, 25 8C): d =8.66, 8.61, 8.56, 8.54 (m, 3H), 8.28, 8.27
(m, 3H), 5.10 (m, 3H), 4.76–4.58 (brm, 2H), 4.06 (m, 5H), 4.00 (m, 4H),
3.78 (m, 7H), 3.62–3.48 ppm (m, 24H); 13C NMR (100 MHz, CD3OD,
25 8C): d=147.77, 133.34, 123.38, 122.98, 83.49, 78.93, 78.85, 74.02, 73.89,
73.79, 72.75, 72.68, 72.35, 72.17, 72.08, 71.30, 64.34 62.56 ppm; ESI-TOF-
MS found for C39H63N9O18 (calcd 945.4291): m/z (%): 946.4364 [M+H]+ ,
968.4183 [M+Na]+ , 984.3923 [M+K]+ .


Ph-1,3,5-click-[G2.0]-OH (26b): Reaction conditions and workup were
as described above, with 22b (1.62 g, 0.955 mmol) in MeOH (25 mL).
Evaporation of the solvent gave 26b (1.07 g, 84%). 1H NMR (250 MHz,
CD3OD, 25 8C): d=8.65, 8.64 (m, 3H), 8.33 (m, 3H), 5.06 (m, 3H), 4.15
(m, 6H), 3.97 (m, 6H), 3.70 (m, 16H) 3.61–3.47 ppm (m, 74H); 13C NMR
(100 MHz, CD3OD, 25 8C): d =147.71, 147.65, 133.44, 123.53, 123.30,
123.21, 80.12, 79.72, 79.66, 73.95, 72.88, 72.80, 72.55, 72.47, 72.37, 72.20,
71.49, 64.43, 63.43, 63.11 ppm; ESI-TOF-MS found for C75H135N9O42


(calcd 1833.8705): m/z (%): 1834.8782 [M+H]+ , 1856.8598 [M+Na]+ .


Ph-1,3,5-click-[G3.0]-OH (26c): Reaction conditions and workup were as
described above, with 22c (0.8 g, 0.175 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 26c (0.589 g, 0.16 mmol, 92%). 1H NMR
(400 MHz, CD3OD, 25 8C): d =8.68 (br s, 3H), 8.02, 7.99 (m, 3H), 5.10
(m, 3H), 4.20 (m, 12H), 3.77–3.54 ppm (brm, 214H); 13C NMR
(125 MHz, CD3OD, 25 8C): d =146.89, 133.27, 130.15, 129.61, 125.24,
124.98 123.97, 123.57, 83.89, 83.09, 80.53, 80.28, 79.82, 76.10, 73.95, 72.93,
72.41, 72.29, 72.17, 71.24, 71.05, 70.45, 64.50, 63.39 ppm; ESI-TOF-MS
found for C150H283N9O90 (calcd 3650.7845): m/z (%): 1826.3985
[M+2H]2+ .


Ph-Ph-1,3,5-click-[G1.0]-OH (27a): Reaction conditions and workup
were as described above, with 23a (0.62 g, 0.438 mmol) in MeOH
(15 mL). Evaporation of the solvent gave 27a (0.446 g, 0.38 mmol, 87%).
1H NMR (250 MHz, CD3OD, 25 8C): d=8.45 (s, 3H), 7.86 (d, 6H, J=


8.2 Hz), 7.84 (s, 3H), 7.67 (d, 6H, J=8.3 Hz), 5.01 (m, 3H), 3.96 (m,
12H), 3.72 (m, 8H), 3.58–3.40 ppm (m, 22H); 13C NMR (100 MHz,
CD3OD, 25 8C): d=148.18, 142.93, 141.79, 131.08, 128.79, 127.24, 125.59,
122.53, 73.90, 73.77, 72.20, 72.11, 71.33, 64.31, 62.50 ppm; ESI-TOF-MS
found for C57H75N9O18 (calcd 1173.5230): m/z (%): 1174.5330 [M+H]+ ,
1196.5147 [M+Na]+ , 1212,4864 [M+K]+ .


Ph-Ph-1,3,5-click-[G2.0]-OH (27b): Reaction conditions and workup
were as described above, with 23b (0.773 g, 0.304 mmol) in MeOH
(20 mL). Evaporation of the solvent gave 27b (0.548 g, 0.265 mmol,
87.4%). 1H NMR (250 MHz, CD3OD, 25 8C): d=8.46 (brm, 3H), 7.90
(m, 6H), 7.83 (m, 9H), 4.96 (m, 3H), 4.06 (m, 6H), 3.91 (m, 6H), 3.64
(m, 16H), 3.44 ppm (brm, 74H); 13C NMR (100 MHz, CD3OD, 25 8C):
d=148.01, 143.13, 141.87, 131.20, 128.94, 127.35, 125.73, 122.68, 80.10,
79.77, 73.96, 72.92, 72.84, 72.49, 72.21, 71.43, 70.52, 64.47, 63.26, 62.94,


62.49 ppm; ESI-TOF-MS found for C93H147N9O42 (calcd 2061.9644): m/z
(%): 2062.9786 [M+H]+ , 1031.9927 [M+2H]2+ .


Ph-Ph-1,3,5-click-[G3.0]-OH (27c): Reaction conditions and workup
were as described above, with 23c (1.2 g, 0.25 mmol) in MeOH (25 mL).
Evaporation of the solvent gave 27c (0.89 g, 0.227 mmol, 91%). 1H NMR
(250 MHz, CD3OD, 25 8C): d=8.55 (s, 3H), 7.94 (m, 15H), 5.03 (m, 3H),
4.11 (m, 12H), 3.70–3.46 ppm (brm, 205H); 13C NMR (100 MHz,
CD3OD, 25 8C): d =1147.89, 143.21, 142.01, 131.31, 129.08, 127.45, 125.81,
123.07, 79.83, 73.97, 72.96, 72.21, 71.54, 71.28, 71.08, 64.53 ppm; ESI-
TOF-MS found for C165H291N9O90 (calcd 3838.8471): m/z (%): 1942.4156
[M+2Na]2+ .
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Cyclophane-Type Imidazolium Salts with Planar Chirality as a New Class of
N-Heterocyclic Carbene Precursors


Yuki Matsuoka, Yasuhiro Ishida,* Daisuke Sasaki, and Kazuhiko Saigo*[a]


Introduction


Topological chirality, as represented by helical, axial, and
planar chiralities, has been regarded as a key principle in
overcoming the limits of traditional tetrahedral chirality and
expanding the scope of chiral molecular devices.[1] In every
field of chiral technology, topologically chiral molecules
often provide useful chiral materials, such as ligands,[2a,g]


auxiliaries,[2b] selectors,[2d,e] and sensors.[2c,f] Their well-de-
fined, three-dimensionally dissymmetric shape seems to be
advantageous not only for chirality induction/recognition
but also for further development of materials with an opti-
mized structure and elucidation of mechanisms. As repre-
sentative examples, numerous metal-based catalysts with
topologically chiral ligands have been developed to date,[2a]


and recently the utility of topological chirality has been also
proved in the realm of organocatalysis.[3]


Among various classes of organocatalysts, N-heterocyclic
carbenes (NHCs) have attracted exceptional attention.
These offer a unique carbon–carbon bond-forming ability by
means of the umpolung of aldehydes.[4] Because most of


these reactions feature the creation of a stereogenic carbon
atom(s) in products, the stereocontrol of these reactions by
chiral NHCs has been a challenging target over the last
decade.[4] At the earlier stage of the development of NHC
precursors, simple azolium/azolinium salts with chiral N sub-
stituent(s) were studied extensively,[5] and more recently
NHC precursors with topological chirality have appeared,
including polycyclic (A–C),[6] axially chiral (D–F),[7] planarly
chiral (G–I),[8] oligopeptidyl (J),[9a] rotaxane-containing
(K),[9b] and chirality-relayed (L)[9c] azolium/azolinium salts.
In fact, some of these examples were found to provide NHC
organocatalysts for the benzoin condensation and the Stetter
reaction, of which the chirality induction ability was superior
to that of traditional NHCs with simple point chirality.


Through our ongoing study on the development of novel
NHC precursors with topological chirality, we focused on
imidazolium salts (1a–c) with cyclophane-type planar chiral-
ity, of which the N(1) and N(3) positions are bridged with a
chiral linker. When the two nitrogen atoms of an imidazoli-
um ring are linked by a dissymmetric bridge with a proper
length, the steric demand forces the bridge to cover either
of the two faces of the prochiral imidazolium ring, and as a
result, a planar-chiral cyclophane-type molecule will be
readily generated without resorting to complicated/bulky
substituent(s).[10,11] Because planar-chiral cyclophanes with
such a structure are anticipated to easily isomerize by means
of the rope-skipping motion of the bridge going over the
imidazolium ring, a sufficient chiral auxiliary might be re-
quired to distinguish two atrop isomers in stability and/or re-
activity; either of the two isomers would work as a net reac-
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tive species. In the context of chirality type, 1a–c might be
classified in the same category as the types G–I (planar chir-
ality). However, the carbene moiety of 1a–c is incorporated
in a macrocyclic structure, which seems to be advantageous
in directly controlling spatial environment around the car-
bene reaction center. Despite such a simple and promising
structure, NHCs derived from imidazolium salts like 1a–c
have not yet been explored so far. Here we report the syn-
thesis, characterization, and application of a new type of
NHC/NHC precursor with cyclophane-type planar chirality.


Results and Discussion


Synthesis of cyclophane-type imidazolium salts : The N(1)–
N(3)-bridged imidazolium salts 1a–c were synthesized as
shown in Scheme 1. According to the procedure we have re-
cently reported,[12] the imidazoles 7a and 7b with a chiral N
substituent were directly synthesized by the cyclocondensa-
tion of the enantiopure 2-amino alcohols 6a and 6b with
glyoxal, formaldehyde, and ammonium acetate. On the
other hand, the analogous benzimidazole 7c was prepared
by the following series of reactions: the nucleophilic substi-
tution of 1-fluoro-2-nitrobenzene with 6a, the hydrogenoly-
sis of the nitro group into an amino group, and the conden-
sation of the resultant 1,2-diaminobenzene derivative with
triethyl orthofomate.[13] The imidazoles 7a–c thus obtained
were then treated successively with sodium hydride and 1,8-
dichlorooctane to afford the 8-chlorooctylated imidazoles
8a–c. Finally, the intramolecular quaternization of the resul-
tant imidazoles 8a–c gave the cyclophane-type imidazolium
salts 1a–c.[10a,b,d] For the last step, a highly elevated tempera-


Scheme 1. Synthesis of cyclophane-type imidazolium salts 1a–c. Top:
i) glyoxal, HCHO, NH4OAc, MeOH/H2O, 80 8C, 5 h; ii) NaH, Cl ACHTUNGTRENNUNG(CH2)8Cl,
DMF, 0 to 55 8C, 20 h; iii) DMAc, 150 8C, 48 h. Bottom: i) 1-fluoro-2-ni-
trobenzene, DMSO, RT, 60 h; ii) Pd/C, H2 (1 atm), MeOH, RT, 40 h;
iii) CH ACHTUNGTRENNUNG(OEt)3, p-TsOH·H2O, 100 8C, 44 h; iv) NaH, Cl ACHTUNGTRENNUNG(CH2)8Cl, DMF, 0
to 55 8C, 17 h; v) DMAc, 150 8C, 140 h; vi) KPF6, CH3CN, RT, 10 h.
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ture was required to ensure a reasonable reaction rate, be-
cause the length of the alkyl chain had little margin to con-
nect the two imidazolium nitrogen atoms. Although the in-
termolecular quaternization was a possible undesired side
reaction, only a small amount of a mixture of oligomers was
generated, as long as the initial concentration was at an
order of 10–100 mm. In addition, the extensive degas of
oxygen from the system before heating efficiently prevented
side reactions, most likely caused by the heat-promoted gen-
eration of NHCs and a subsequent reaction with internal
oxygen.


Structural profiles of the cyclophane-type imidazolium salts :
The structural profiles of the cyclophane-type imidazolium
salts 1 were investigated by 1H NMR spectroscopy, X-ray
crystallography, and molecular modeling. The 1H NMR
spectroscopy signals for the methylene protons at the
middle of the N(1)–N(3) bridge in 1a were observed at an
upfield-shifted region (Dd�0.5 ppm, overlapped with the
signal of the isopropyl group (CH3)2CH�), which indicates
that the bridge overlays the imidazolium ring to suffer a
shielding effect.[10,14] Given such a “hover-overed” structure,
two atrop isomers (diastereomers) arising from the planar
chirality of the imidazolium ring are possible for 1a (Sp and
Rp). In good agreement with this expectation, a theoretical
calculation at the HF/6-31G level gave two constitutions
with a “hover-overed” structure minimal in potential energy,
both of which correspond to two possible conformers (Fig-
ure 1a). Moreover, an X-ray crystallographic study revealed
that 1a takes one of the two conformations ((Rp)-1) in the
crystalline state (Figure 1b).[14] However, variable-tempera-
ture (VT) 1H NMR spectroscopy measurements clearly
proved that the isomerization by means of the rope-skipping
motion of the N(1)–N(3) bridge easily takes place in a solu-
tion; 1a showed one set of sharp signals at a temperature
range from 25 to �80 8C, and even at �95 8C only partial
broadening of signals was observed.[10a,b,14] The phenomenon


suggests that the activation energy for the rope-skipping
process is rather low. The above-mentioned molecular mod-
eling also indicates that the rope-skipping process easily
takes place at the C(2) side of the imidazolium ring, even
though the bridge barely goes through the C(4)/C(5) side
because of steric hindrance.


Considering the structural similarity between imidazolyli-
denes and their parent imidazoliums, it might be reasonable
to anticipate that the imidazolylidene 1aNHC, derived from
1a, also exists as a mixture of two atrop isomers ((Sp)- and
(Rp)-1aNHC in Scheme 2) that are isomerizable into each


other. However, there seems to be large difference in nucle-
ophilicity between (Sp)- and (Rp)-1aNHC, because of the dif-
ference in steric congestion around the carbene moieties. In
the case of (Rp)-1aNHC, the isopropyl group on the stereo-
genic carbon in the bridge would overlay the C(2) to reduce
the nucleophilicity of this NHC species. Contrary to this,
(Sp)-1aNHC seems to have enough space around the C(2) to
facilitate nucleophilic attack toward electrophiles such as
ACHTUNGTRENNUNGaldehydes.


An individually synthesized sample of the C(2)-methylat-
ed imidazolium salt 1aMe revealed that the isomerization of
(Sp)- and (Rp)-1aMe hardly occurs, even when standing at
room temperature for several months; the methyl group is
bulky enough to suppress the rope-skipping of the N(1)–
N(3) bridge across the imidazolium plane. To confirm the
deduction described above, the following model reaction
was conducted. The imidazolium salt 1a was treated with
butyllithium to generate the imidazolylidene 1aNHC, which
was then electrophilically trapped with methyl iodide to give
1aMe.[15] The conformation of the Sp and Rp isomers should
be locked after the C(2)-methylation (Scheme 2). As a
result, we could roughly but directly estimate the relative re-
activity of the two imidazolylidene conformers (Sp)- and
(Rp)-1aNHC from the product ratio of (Sp)- and (Rp)-1aMe.
We should emphasize here that, because the isomerization is


Figure 1. Structure of cyclophane-type imidazolium salt 1a. a) Optimized
structure (HF/6-31G level) of the two conformers of 1a with cyclophane-
type planar chirality of Rp (left) and Sp (right). b) X-ray crystal structure
of 1a (bromide salt). The counteranion is omitted for clarity.


Scheme 2. Relative reactivity of two conformers of 1NHC.
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such a fast process as estimated by variable-temperature
NMR spectroscopy, the product ratio will not be governed
by the population of the two imidazolylidene conformers,
but will reflect their relative reactivity.


Through the deprotonation and the subsequent methyla-
tion at the C(2) position, 1a gave (Sp)-1aMe as the main
product (85% conversion, Sp/Rp =82:18). The absolute con-
figuration of the major isomer (determined by an X-ray
crystallographic study) is in good agreement with our ex-
pectation that (Sp)-1aNHC would be more reactive than (Rp)-
1aNHC.[10d] In the cases of the other imidazolium salts 1b and
1c, essentially the same results (by means of 1H NMR spec-
troscopy and molecular modeling) were obtained as those of
1a, which strongly implies a general tendency in the reactiv-
ity order (Sp isomer>Rp isomer), regardless of the side-
chain residue on the stereogenic carbon and of the substitu-
ents at the C(4) and C(5) positions. Thus, (Sp)-1 was found
to preferentially react even with methyl iodide relatively
little in comparison with carbonyl compounds widely used
as substrates in NHC-catalyzed reactions.


Cross-annulation of the enal 11 and the ketone 12 catalyzed
by the NHC derived from imidazolium salt 1b : With these
cyclophane-type imidazolium salts 1a–c in hand, we next ap-
plied them as the precursors of chiral NHC organocatalysts.
For the first attempt the NHC-catalyzed annulation of cin-
namaldehyde (11) and 2,2,2-trifluoroacetophenone (12) was
selected, because only those from imidazoliums are known
to catalyze this reaction efficiently among four types of
NHCs based on triazolium, thiazolium, imidazolium, and
imidazoliunium salts.[15b] The annulation involves multiple
steps, such as the generation of an acyl anion equivalent
through the NHC-catalyzed umpolung of the enal unit, the
conversion of the acyl anion equivalent into a homoenolate
equivalent through the conjugation, the electrophilic trap-
ping of this homoenolate by the carbonyl compound, and
the intramolecular nucleophilic attack of the resultant alk-
oxide on an activated ester moiety (Scheme 3).[16] Despite
the synthetic importance of this annulation, attempts to
extend the reaction to an enantioselective version are at a
premature stage.[6f, g,17,18] Thus, this reaction seemed to be a
suitable entry to demonstrate the utility of our imidazolium
salts 1 as precursors of chiral NHC organocatalysts.


The effect of reaction condi-
tions on the efficiency and se-
lectivity of this reaction was
thoroughly investigated by
using 1b (Table 1). The NHC
1bNHC was generated in situ by
treatment of 1b (0.2 equiv)
with a base (0.2 equiv), which
was directly used for the annu-
lation of 11 (1.0 equiv) and 12
(4.0 equiv). In all entries, the
target cross-annulated lactone
13, the self-annulated lactone
14,[19] and the starting materials


11 and 12 were isolated from the reaction mixture
(Scheme 3), whereas other possible byproducts generated
from an acyl anion equivalent such as acyloins and the Stet-
ter products were not detected at all. The homoenolate gen-
erated showed undesired chemoselectivity (i.e. , the cross-an-
nulation/self-annulation ratio) to lower the yield of the
target lactone 13 ; this problematic side reaction has been
commonly observed in the cases of other imidazolidene cat-
alysts.[15a] However, upon raising the reaction temperature,
the cross-/self-annulation ratio was improved to some extent
(from 26:74 to 46:54, Table 1, entries 2–4).


The stereochemical outcomes of the cross-annulation ex-
hibited an unexpected dependence on the reaction condi-
tions. The diastereomeric ratio (trans-13/cis-13) showed little
dependence on the reaction temperature, solvent, and base.
On the other hand, the enantiomeric excesses of trans- and
cis-13 significantly increased as the reaction temperature
became higher, which is a contrast to the commonly ob-
served tendency of asymmetric reactions.


Overall, the conditions given in entry 4 in Table 1 were
found to be optimal from the viewpoints of yield and selec-


Scheme 3. Cross-annulation of the enal 11 and the ketone 12 by means
of the conjugated umpolung catalyzed by NHC, and a possible side
ACHTUNGTRENNUNGreaction.


Table 1. Cross-annulation of the enal 11 and the ketone 12 catalyzed by 1bNHC.


Entry[a] Solvent Base T [8C] Conv.[b] [%] Ratio[b] 13/14 Yield[c] (ee[d]) [%]
trans-13 cis-13


1 THF KN ACHTUNGTRENNUNG(SiMe3)2 �78 <1 – – –
2 THF KN ACHTUNGTRENNUNG(SiMe3)2 �20 59 26:74 6 (19) 3 (29)
3 THF KN ACHTUNGTRENNUNG(SiMe3)2 0 62 31:69 8 (32) 3 (51)
4 THF KN ACHTUNGTRENNUNG(SiMe3)2 25 >99 46:54 21 (43) 9 (69)
5 CH2Cl2 KN ACHTUNGTRENNUNG(SiMe3)2 25 69 41:59 14 (25) 4 (44)
6 THF LiN ACHTUNGTRENNUNG(SiMe3)2 25 60 43:57 13 (20) 3 (45)


[a] Conditions: NHC generation: 1b (0.2 equiv), a base (0.2 equiv), a solvent, �78 8C for 1 h. Cross-annulation:
NHC, 11 (1.0 equiv), 12 (4.0 equiv), a solvent, from �78 8C to a temperature in a period of 30 min and then at
that temperature for 16 h. [b] Conversion determined by 1H NMR spectroscopy. [c] Isolated yield. [d] Deter-
mined by chiral HPLC. In all entries, (4R,5R)- and (4R,5S)-13 were obtained as the major enantiomers of
trans- and cis-13, respectively.
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tivity. By taking account of the unexpected changes in enan-
tioselectivity depending on the reaction temperature and on
the metal cation, the reactive intermediates might include a
metal homoenolate complex (Figure 2, III and/or IV), in ad-
dition to the Breslow intermediate and its tautomer (I and
II).


Cross-annulation of the enal 11 and the ketone 12 catalyzed
by the NHCs derived from various imidazolium salts 1–5 :
To address the characteristic profile of the cyclophane-type
planarly chiral NHCs 1NHC, the same reaction was conducted
by using conventional chiral NHCs based on the imidazoli-
um salts 2–5 ; C2-symmetric 2 is one of the most widely used
chiral imidazolium precatalysts,[5c,d] whereas the tricyclic and
bicyclic imidazolium salts (3 and 4) are limited examples of
precedent chiral imidazolium precatalysts with a fused ring
structure. In addition to them, an open-chained analogue of
1b (5) was also employed as a precatalyst, which would clar-
ify the effect of the cyclophane structure in 1 (Table 2).


The conversion of the enal 11 revealed that the NHCs
1a–cNHC exhibited a sufficient catalytic activity comparable
to that of the conventional NHCs 2–4NHC, although the reac-
tivity of the NHC 1cNHC was lower than that of the others to
some extent (Table 2, entries 1–3 versus entries 4–6). De-
spite the adequate amount of catalytic activity thus ob-
served, the NHCs 1a–cNHC as well as the NHCs 2NHC and
4NHC could not achieve sufficient yield of the cross-annulat-


ed lactone 13 because of unsatisfactory chemoselectivity re-
quired to generate a considerable amount of the self-annula-
tion product 14 (Scheme 3).[19] Among 1a–cNHC, 1cNHC


showed better cross-annulation selectivity (entries 1 and 2
versus entry 3), which might be elucidated as follows. Be-
cause of the electron-withdrawing and/or charge-delocaliz-
ing effect of the benzo moiety, 1cNHC generates a homoeno-
late equivalent with lower nucleophilicity than do 1aNHC and
1bNHC, and the resultant homoenolate species prefers the
electronically favorable electrophile 12 rather than the steri-
cally favorable electrophile 11 (Scheme 3).


For the diastereoselectivity of this reaction catalyzed by
NHCs, it is generally known that the isomer possessing two
aromatic groups at the same side of the g-lactone ring
(trans-13) is more predominantly formed than is the other
isomer (cis-13). In good agreement with this propensity,
1bNHC afforded trans-13 as the major product in a trans/cis
ratio of around 70:30 (entry 2, Table 1). Worth noting is the
peculiar diastereoselectivity of 1aNHC and 1cNHC, the cyclo-
phane-type NHCs bearing an isopropyl group on the stereo-
genic center; the ratio of the cis isomer increased, and the
diastereomer ratio reached around 50:50 (entries 1 and 3,
Table 2). Because such a peculiar diastereoselectivity was
not observed for 1bNHC, the bulky isopropyl group on the
stereogenic carbon of 1aNHC and 1cNHC was likely to contrib-
ute to suppress the formation of trans-13.


Quite interestingly, the NHCs derived from the N(1)–
N(3)-bridged imidazoliums 1a–c showed exceptionally high
enantioselectivity (entries 1–3, Table 2) compared with con-
ventional chiral NHCs. Especially, the enantiomeric excesses
of trans- and cis-13 obtained by the reaction catalyzed by
1cNHC were no less than 74 and 94%, respectively (entry 3).
To the best of our knowledge, these are the highest enantio-
selectivity (ee) values for this reaction up to now.[6f,g,17, 18] A
control experiment using the analogous ring-opened 5NHC


strongly suggests that such high enantioselectivities are as-
cribable to the conformationally constrained cyclophane
structure (entry 2 versus entry 7).


Elucidation of the mechanism of the present stereocon-
trolled lactone formation : Direct g-lactone formation by
means of the conjugated umpolung of enals is expected to


Figure 2. Possible reactive intermediates in the present reaction.


Table 2. Cross-annulation of the enal 11 and the ketone 12 catalyzed by
NHCs from the imidazolium salts 1–5.


Entry[a] Precat. Conv.[b] [%] Ratio[b] 13/14 Yield[c] (ee[d]) [%]
trans-13 cis-13


1 1a 93 45:55 10 (57) 10 (89)
2 1b >99 46:54 21 (43) 9 (69)
3 1c 79 59:41 16 (74) 17 (94)
4 2 >99 45:55 22 (23) 7 (45)
5 3 94 >99:1 48 (28) 20 (14)
6 4 >99 44:56 23 (66) 5 (58)
7 5 >99 36:64 16 (18) 6 (31)


[a] Conditions: NHC generation: imidazolium precatalyst (Precat.)
(0.2 equiv), KN ACHTUNGTRENNUNG(SiMe3)2 (0.2 equiv), THF, �78 8C for 1 h. Cross-annula-
tion: NHC, 11 (1.0 equiv), 12 (4.0 equiv), THF, from �78 8C to 25 8C in a
period of 30 min and then at 25 8C for 16 h. [b] Determined by 1H NMR
spectroscopy. [c] Isolated yield. [d] Determined by chiral HPLC. In all
entries except for entry 6, (4R,5R)- and (4R,5S)-13 were obtained as the
major enantiomer of trans- and cis-13, respectively. In entry 6, the abso-
lute configuration of the major enantiomers were inverted for both of
trans- and cis-13.
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become an important benchmark reaction to evaluate the
potential of chiral NHCs, especially those derived from
chiral imidazolium salts. For the detailed elucidation of the
mechanism for chirality induction, the determination of the
absolute configuration of the annulation products would be
highly necessary. Up to now, however, studies on the abso-
lute configuration of 4,5-diaryl-g-lactones have been limited
to a few reports dealing with the simplest type of 4,5-di-
phenyl-g-lactone.[20] Moreover, all of these conventional as-
signments were deduced from the pattern of circular dichro-
ism spectra. Therefore, we tried to determine the absolute


configuration of the enantiomers of trans- and cis-13 by an
unequivocal method based on the chromatographic separa-
tion of the enantiomers, their derivation by the aminolysis
with (R)-1-phenylethylamine, and the X-ray crystallography
of the resultant g-hydroxypentanamides. As a result, the
major enantiomers of trans- and cis-13 obtained by the
NHC catalysts 1a–cNHC were found to be 4R,5R and 4R,5S,
respectively (Figure 3).[14]


Based on the configurations as determined above, a plau-
sible reaction path elucidating the enantioselection by 1NHC


can be proposed; it involves the Si-selective attack of the E
homoenolate (Scheme 4, I and II). Although 1NHC is likely
to exist as a mixture of the Rp and Sp isomers easily isomer-
izable into each other, the Sp isomer was proved to be the
net reactive species of 1NHC, as described above (Scheme 2).
Apparently, the Z homoenolate might seem to be more fa-
vorable than the E isomer as an intermediate of the first
step, considering steric congestion around the N(1) of the
NHC moiety. However, we believe that the E homoenolate
is more stable owing to the following “strain-relayed” mech-
anism; our hypothesis is strongly supported by the X-ray
crystal structure of a homoenolate-intermediate analogue
(the PF6


� salt of (Sp)-1aMe), of which the C(2) substituent is
replaced with a methyl group (Figure 4).[10d] Taking account
of steric repulsion, the bulky side-chain residue on the ste-
reogenic carbon (iPr for 1a,cNHC and Ph for 1bNHC) should
orient perpendicularly to the imidazolium ring (Figure 4,
arrow i). In addition, the ether unit in the N(1)–N(3) bridge
might restrict the conformation around the N(1) end of the
bridge, owing to the partial sp2 character of the oxygen
atom. These conformational demands would relay to the
neighboring atoms in the bridge (arrows ii and iii). To cancel
the strain thus accumulated, the other end of the bridge ad-
jacent to the N(3) is pushed out to the C(2) side, which in-
duces the N(3) end of the bridge to occupy the space
around the C(2) (arrow iv). Such a dissymmetrically distort-
ed structure of the N(1)–N(3) bridge seems to be suitable


Figure 3. Circular dichroism spectra of the enantiomers of a) trans- and
b) cis-13 in acetonitrile at RT and X-ray crystal structures of the g-hy-
droxypentanamides derived from c) trans-(4R,5R)- and d) cis-(4S,5R)-13
by treatment with (R)-1-phenylethylamine.


Scheme 4. A plausible reaction path for the stereocontrolled cross-annulation of the enal 11 and the ketone 12 catalyzed by NHCs from 1a,c.
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for the preferential formation of the E homoenolate. Ac-
cording to the molecular modeling of the E homoenolate,
the Re face is significantly shielded by the N(1)–N(3) bridge
of the imidazolylidene moiety, whereas there is essentially
no steric hindrance on the Si face. Consequently, the elec-
trophilic attack of 12 occurs mainly on the Si face of the ho-
moenolate to generate the g-lactone with R configuration at
the C(4) position. The expected stereochemical outcome is
in good agreement with that observed for both of the trans
and cis isomers (Scheme 4).


On the other hand, the relative stereochemistry at the
C(4) and C(5) positions (i.e., the diastereocontrol) of 13
might be mainly determined by the inherent nature of sub-
strates 11 and 12. Considering the favorable arrangement of
the dipoles of the homoenolate equivalent and the ketone
12, as well as p–p interaction between the electron-rich and
electron-deficient phenyl groups, the transition states of I in
Scheme 4 are expected to be the most favorable. The subse-
quent electrophilic trapping of the homoenolate and lactone
formation would give the trans isomer, which is in good
agreement with the general tendency of this reaction includ-
ing our observations. The exceptional bias in the diastereo-
selectivity observed for the reactions catalyzed by 1aNHC and
by 1cNHC might be explained in terms of steric repulsion be-
tween the bulky isopropyl group in the imidazolylidene and
the phenyl group in 12.


Conclusion


Imidazolium salts with cyclophane-type planar chirality (1a–
c) were developed as precursors of a novel class of chiral
NHCs. The structural profiles of the imidazolium salts and
their derivative NHCs were investigated by several methods,
which revealed that one of the two possible conformers for
the imidazolylidenes acted as a main active species. The
NHCs derived from these imidazoliums showed remarkably


high enantioselectivity in the cross-annulation reaction of an
enal and a ketone (up to 94% ee), owing to their character-
istic cyclophane structure. As far as we know, this is the first
attempt to apply planar chirality to the development of
NHC-based chiral organocatalysts. Although the yield of the
target lactone was unsatisfactory at present, the ee values
observed here were at the highest level for this reaction.
Considering the easy access, simple and well-defined struc-
ture, and the high chirality induction ability, the cyclophane-
type planarly chiral imidazolium salts developed here would
provide us a new structural motif in the field of NHC
chemistry.


Experimental Section


Chemicals : Chemicals were purchased and used as delivered unless oth-
erwise indicated. Tetrahydrofuran (THF) was distilled from sodium wire
and benzophenone before use. Dichloromethane (CH2Cl2), acetonitrile
(CH3CN), and dimethylsulfoxide (DMSO) were distilled from CaH2 and
stored over activated molecular sieves. N,N’-Dimethylformamide (DMF)
was dried over P2O10, distilled from CaH2, and stored over activated mo-
lecular sieves. N,N’-Dimethylacetamide (DMAc) was distilled just before
use. Cinnamaldehyde (11) and 2,2,2-trifluoroacetophenone (12) were dis-
tilled just before use. A solution of potassium hexamethyldisilazane in
toluene was purchased and used as received. Imidazolium salts 2–4 were
prepared according to the literature cited in the Supporting Information.
For the synthesis of the cyclophane-type imidazolium salts 1a–c and the
open-chained analogue 5, see the Supporting Information.


C(2)-methylation of the imidazolium salt 1a : A solution of butyllithium
in hexane (1.56m, 0.24 mL, 0.36 mmol) was added dropwise to a solution
(3 mL) of 1a (90 mg, 0.30 mmol) in CH2Cl2 at �78 8C, and the mixture
was stirred at �78 8C for 1 h. After adding a solution (1.5 mL) of methyl
iodide (70.2 mg, 0.49 mmol) in CH2Cl2, the mixture was stirred at �78 8C
for 30 min and then at RT for 3 h. The insoluble materials were filtered
off (ADVANTEC filter paper 5A), and the filtrate was concentrated
under reduced pressure to give a crude mixture of (Sp)- and (Rp)-1aMe,
and unreacted 1a (85% conversion, (S)-1aMe/(Rp)-1aMe =82:18, deter-
mined by 1H NMR spectroscopy).


Typical procedure for the cross-annulation of the aldehyde 11 and the
ketone 12 : A solution of potassium hexamethyldisilazane in toluene
(0.50m, 200 mL, 0.10 mmol) was added dropwise to a suspension of 1a
(30.1 mg, 0.10 mmol) in THF (3 mL) at �78 8C under an argon atmos-
phere, and the mixture was stirred at that temperature for 1 h. Then,
2,2,2-trifluoroacetophenone (11, 280 mL, 2.0 mmol) and cinnamaldehyde
(12, 65 mL, 0.50 mmol) were successively added to the mixture at �78 8C.
The mixture was stirred at that temperature for 30 min, and then allowed
to warm up to RT. After being stirred at RT for 16 h, the mixture was
treated with methanol (0.5 mL) and concentrated under reduced pres-
sure. The resultant residue was subjected to silica gel column chromatog-
raphy (eluent: hexane/CH2Cl2 =2:1, v/v) to give a mixture of trans- and
cis-13 as a pale yellow oil (29.0 mg, 0.09 mmol, 19%). The ratio of trans-
and cis-13 was 50:50 (estimated by a 1H NMR spectroscopy measure-
ment), and the enantiomeric excesses of trans- and cis-13 were 57 and
89%, respectively (estimated by a chiral HPLC measurement). Chiral
HPLC conditions: column, Daicel CHIRALCEL AS-H (4.6O153 mm);
eluent, hexane/2-propanol (90:10, v/v); flow rate, 1.0 mLmin�1; detection,
UV absorption at l=210 nm; retention time, 8.41 and 13.16 min for
trans-13 and 14.06 and 23.44 min for the cis-13.
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Figure 4. X-ray crystal structure of (Sp)-1aMe (PF6
� salt): a) top view,


b) side view, and c) front view. Hydrogen atoms, counteranions, and the
other symmetrically independent imidazolium cations in a unit cell are
omitted for clarity.[10d]
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Combination of Lacunary Polyoxometalates and High-Nuclear Transition
Metal Clusters under Hydrothermal Conditions: IX. A Series of Novel
Polyoxotungstates Sandwiched by Octa-Copper Clusters
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Guo-Yu Yang*[a]


Introduction


Polyoxometalates (POMs) have been attracting extensive in-
terest in solid-state material chemistry in the past several
decades, not only because of enormous compositional and
electronic tenability, the unique topologies, but also the
wide range of potential applications in medicine, catalysis,
analytical chemistry, electrochromism, and magnetism.[1]


Since the occurrence of a multitude of lacunary polyoxoan-
ions derived from Keggin-type [XW12O40]


n� (X=PV/AsV/
SiIV/GeIV) and Dawson-type [a-X2W18O62]


6� (X=PV/AsV)
polyoxoanions, the discovery and investigation of their lacu-
nary derivatives, such as phosphotungstates, silicotungstates,
and germanotungstates, has been a significant focus in POM


Abstract: The reaction of CuCl2·2H2O
with trivacant Keggin polyoxoanions
K8Na2[A-a-GeW9O34]·25H2O or K10[A-
a-SiW9O34]·25H2O in the presence of
1,2-diaminopropane (dap), ethylenedia-
mine (en) or 2,2’-bipyridine (2,2’-bpy)
under hydrothermal conditions afford-
ed five novel hybrid inorganic–organic
octa-Cu sandwiched polyoxotungstates
(POTs): H4ACHTUNGTRENNUNG[CuII


8ACHTUNGTRENNUNG(dap)4ACHTUNGTRENNUNG(H2O)2(B-a-Ge-
ACHTUNGTRENNUNGW9O34)2]·13H2O (1), (H2en)2 ACHTUNGTRENNUNG[CuII


8-
ACHTUNGTRENNUNG(en)4ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(B-a-GeW9O34)2]·5H2O(2),
(H2en)2 ACHTUNGTRENNUNG[CuII


8(en)4 ACHTUNGTRENNUNG(H2O)2(B-a-SiW9-
ACHTUNGTRENNUNGO34)2]·8H2O (3), [CuII


ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNGH2ACHTUNGTRENNUNG[CuII
8-


ACHTUNGTRENNUNG(en)4ACHTUNGTRENNUNG(H2O)2(B-a-Si ACHTUNGTRENNUNGW9O34)2] (4), and
[CuII


2ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2] ACHTUNGTRENNUNG{[CuII
ACHTUNGTRENNUNGACHTUNGTRENNUNG(bdyl)]2-


ACHTUNGTRENNUNG[CuII
8ACHTUNGTRENNUNG(2,2’-bpy)4ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(B-a-GeW9-


ACHTUNGTRENNUNGO34)2]}·4H2O (bdyl=2,2’-bipyridin-
yl)(5). Additionally, CuCl2·2H2O reacts
with the mixture of GeO2,
Na2WO4·2H2O, H2SiW12O40·2H2O in
the presence of 2,2’-bpy and 4,4’-bpy


under hydrothermal conditions leading
to another novel mixed-valent octa-Cu
sandwiched POT hybrid: [CuI


ACHTUNGTRENNUNG(2,2’-
bpy) ACHTUNGTRENNUNG(4,4’-bpy)]2ACHTUNGTRENNUNG[{CuI


2ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-
bpy)]2[CuI


2CuII
6ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)2(B-


a-GeW9O34)2}]·2H2O (6). 1, 2, and 3
are discrete dimers constructed from
two trivacant Keggin [B-a-XW9O34]


10�


(X=GeIV/SiIV) fragments and an octa-
Cu cluster whereas 4 displays the 3D
(3,6)-connected nets with (4·62)-
ACHTUNGTRENNUNG(42·64·87·102) topology, which are built
by octa-Cu sandwiched polyoxometa-
late building blocks through copper
cation bridges. 5 is a novel 2D layer
based on octa-Cu sandwiched POT
clusters and [CuII


2ACHTUNGTRENNUNG(bdyl)] units. Inter-


estingly, the rollover metalation of 2,2’-
bpy is firstly observed in the system
containing the copper complex under
hydrothermal conditions. 6 is a discrete
mixed-valent octa-Cu sandwiched POT
supported by two CuI-complexes [CuI


2-
ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)]2+ through 4,4’-
bpy bridges, which constructs a novel
dodeca-copper cluster. Notably, the
octa-Cu cluster in 6 is mixed-valent
and is different from those in 1–5. To
our knowledge, 1–6 represent a rare
family of POTs incorporating novel
octa-nuclear transition-metal clusters in
polyoxometalate chemistry. They were
structurally characterized by FT-IR
spectra, elemental analysis, thermogra-
vimetric analysis, and single-crystal X-
ray diffraction. The magnetic proper-
ties of 1, 4, and 5 were quantitatively
analyzed by the MAGPACK software
package.
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chemistry.[2] It is well known that monovacant ([a-PW11-
ACHTUNGTRENNUNGO39]


7�, [a-SiW11O39]
8�, [a-GeW11O39]


8� or [a-P2W17-
ACHTUNGTRENNUNGO61]


10�),[3a] divacant ([g-PW10O36]
7�, [g-SiW10O36]


8� or [g-
GeW10O36]


8�),[3b–d] trivacant ([a-PW9O34]
9�, [a-SiW9O34]


10�,
[a-GeW9O34]


10� or [a-P2W15O56]
12�),[3e–g] and polyvacant ([a-


H2P2W12O48]
12�, [H7P8W48O184]


33�)[3h–i] precursors can be
easily prepared in one- or two-step processes in high yields,
which provide us abundant initial materials to search and
exploit their derivatives under hydrothermal conditions.
More importantly, these lacunary fragments can work as
multidentate inorganic ligands and incorporate in situ
formed transition-metal (TM) clusters, generating a rapidly
growing class of transition-metal substituted polyoxometa-
lates (TMSPs). Furthermore, the ability of lacunary poly-
oxoanions to incorporate magnetic TM clusters between
nonmagnetic POM matrixes makes them especially valuable
for the quantification of magnetic interactions.To date, the
progress in TMSP chemistry chiefly focus on synthesis and
characterization of new POMs possessing unique structures
and properties, but the rational design and synthesis of these
materials remains a longstanding challenge. Past advances
have largely depended on the chance discovery of new ma-
terials.


The current trend is towards “rational design” based on
the accumulated knowledge of crystal chemistry, thermody-
namics and reactivity, as well as the relationship between
structures and properties. Since 1970s, the functionalization
of lacunary Keggin polyoxoanions by TM cations has been
heavily exploited, directly resulting in the appearance of the
largest inorganic sandwich-type subfamily, in which the typi-
cal structural types mainly include: mono-nuclear TM sand-
wiched species [M(a-PW11O39)2]


10� and [M(a2-P2W17O61)2]
16�


(M=ZrIV/HfIV);[4] di-nuclear: [(a-AsW9O33)2WOACHTUNGTRENNUNG(H2O)M2-
ACHTUNGTRENNUNG(H2O)2]


10� (M=ZnII/MnII/CoII),[5a] [Cs2K ACHTUNGTRENNUNG(H2O)7Pd2WO-
ACHTUNGTRENNUNG(H2O)(A-a-SiW9O34)2]


9�,[5b] and [(NaOH2)2M2(P2W15 ACHTUNGTRENNUNGO56)2]
18�


(M=CoII/FeII)[5c,d] (Figure 1a); trinuclear: [(a-XW9O33)2M3-
ACHTUNGTRENNUNG(H2O)3]


n� (M=CuII/ZnII; X=AsIII/SbIII/SeIV/TeIV),[5a,e]


[Zr3(OH)3(A-b-SiW9 ACHTUNGTRENNUNGO34)2]
11�,[6] and [(NaOH2)Co3ACHTUNGTRENNUNG(H2O)-


ACHTUNGTRENNUNG(P2W15 ACHTUNGTRENNUNGO56)2]
17�[5c] (Figure 1b,c); tetranuclear: [(Mn ACHTUNGTRENNUNG(H2O)3)2-


ACHTUNGTRENNUNG(Mn ACHTUNGTRENNUNG(H2O)2)2ACHTUNGTRENNUNG(TeW9ACHTUNGTRENNUNGO33)2]
8�,[5e] [M4ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(XW9 ACHTUNGTRENNUNGO34)2]


n� (M=


MnII/CoII/ZnII/CoII/NiII ; X=PV/SiIV/GeIV),[2a, 7a–d] [Zr4O2-
ACHTUNGTRENNUNG(OH)2ACHTUNGTRENNUNG(H2O)4(b-SiW10ACHTUNGTRENNUNGO37)2]


10�,[7e] [M4 ACHTUNGTRENNUNG(H2O)2(P2W15ACHTUNGTRENNUNGO56)2]
n�


(M=MnII/FeIII/CoII/NiII/CuII/ZnII/CdII),[2b,3g,8] and [Zr4ACHTUNGTRENNUNG(m3-
O)2ACHTUNGTRENNUNG(m2-OH)2 ACHTUNGTRENNUNG(H2O)4(P2W16ACHTUNGTRENNUNGO59)2]


14�[8k] (Figure 1d,e); pentanu-
clear: [Cu5(OH)4ACHTUNGTRENNUNG(H2O)2(a-A-SiW9 ACHTUNGTRENNUNGO33)2]


10�,[9a] and [Co3W-
ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(CoW9ACHTUNGTRENNUNGO34)2]


12�[9b–c] (Figure 1f,g); hexanuclear:
[M6Cl6 ACHTUNGTRENNUNG(XW9 ACHTUNGTRENNUNGO33)2]


12� (M=CuII/MnII; X=AsIII/SbIII),[10a]


[{Ni6ACHTUNGTRENNUNG(H2O)4 ACHTUNGTRENNUNG(m2-H2O)4ACHTUNGTRENNUNG(m3-OH)2}ACHTUNGTRENNUNG(SiW9ACHTUNGTRENNUNGO34)2]
10�,[10b] [Ni4-


ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(a-NiW9ACHTUNGTRENNUNGO34)2]
16�,[10c] and [Fe6(OH)3(A-a-GeW9O34-


ACHTUNGTRENNUNG(OH)3)2]
11�,[10d] (Figure 1h–k); heptanuclear: [Ni7(OH)4-


ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(CO3)2 ACHTUNGTRENNUNG(HCO3)(A-a-SiW9ACHTUNGTRENNUNGO34)(b-SiW10 ACHTUNGTRENNUNGO37)]
15�,[10b] and


[Co7ACHTUNGTRENNUNG(H2O)2(OH)2ACHTUNGTRENNUNGP2W25ACHTUNGTRENNUNGO94]
16�[11] (Figure 1o,p); as well as an


octa-Co [(A-a-SiW9O34)2Co8(OH)6ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(CO3)3]
16�[2j] (Fig-


ure 1q). Recently, four sandwich-type POT dimers [{(B-b-
SiW9 ACHTUNGTRENNUNGO33(OH))(b-SiW8 ACHTUNGTRENNUNGO29(OH)2)Co3ACHTUNGTRENNUNG(H2O)}2Co ACHTUNGTRENNUNG(H2O)2]


20�,[2j]


[{Co3(B-b-SiW9O33 ACHTUNGTRENNUNG(OH))(b-SiW8 ACHTUNGTRENNUNGO29(OH)2)}2]
22�,[12a] [Cu14-


(OH)4ACHTUNGTRENNUNG(H2O)16ACHTUNGTRENNUNG(SiW8 ACHTUNGTRENNUNGO31)4]
16�,[12b] [Cu10ACHTUNGTRENNUNG(H2O)2(N3)4ACHTUNGTRENNUNG(GeW9-


ACHTUNGTRENNUNGO34)2ACHTUNGTRENNUNG(GeW8ACHTUNGTRENNUNGO31)2]
24�,[12b] and doubly sandwich-type POTs


[Ni6As3ACHTUNGTRENNUNGW24O94ACHTUNGTRENNUNG(H2O)2]
17�,[13a] [Ni4Mn2ACHTUNGTRENNUNGP3W24O94ACHTUNGTRENNUNG(H2O)2]


17�,[13a]


and [((MOH2)M2PACHTUNGTRENNUNGW9O34)2ACHTUNGTRENNUNG(PW6 ACHTUNGTRENNUNGO26)]
17� (M=MnII/CoII)[13b]


have been depicted by Kortz and Hill, respectively. In addi-
tion, a few inorganic–organic (2–6)-TM-sandwiched POM
derivatives have been reported.[14] For instance, Hill et al
demonstrated the tri-ZrIV-sandwiched POTs {[a-P2W15 ACHTUNGTRENNUNGO55-
ACHTUNGTRENNUNG(H2O)]Zr3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(H2O)(L/D-tartH)[a-P2W16 ACHTUNGTRENNUNGO59]}


15� with
chirality transfer through zirconium coordination centers to
inorganic clusters.[14a] In general, the majority of aforemen-
tioned sandwich-type TMSPs were made by conventional
aqueous solution methods.


However, the combination of lacunary POM precursors
and hydrothermal conditions to synthesize novel POMs re-
mains less explored.[14b–f,15] On one hand, hydrothermal tech-
nique has been proved to be a useful method in making in-
organic–organic hybrid materials in POM field. Hydrother-
mal conditions are able to make the reaction shift from the
thermodynamic to the kinetic so that the equilibrium phases
are replaced by structurally more complicated metastable
phases.[16a–c] Under such nonequilibrium crystallization con-
ditions, before lacunary POM precursors are transformed to
saturated POM species, metastable kinetic POM phases
rather than thermodynamic phases are most likely to be
captured,[16a,d] thus we can obtain novel phases, which are
not made by the conventional aqueous solution methods.
On the other hand, a multitude of lacunary POM precursors
provides us accessible starting materials. Thus, recently, we
developed an effective method of using the lacunary sites of
[a-XW9O34]


9/10� (X=PV/GeIV/SiIV) fragments as structure-di-
recting agents to induce large TM oligomers and multiden-


Figure 1. Polyhedral illustrations of the connection fashion of some repre-
sentative transition-metal clusters previously reported (a–q) and herein
investigated (r–s).
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tate N-ligands as structure-stabilizing agents to capture and
stabilize the in situ generated TM oligomers or aggregates
to construct novel POTs under hydrothermal conditions.[15a,b]


In this manner, we have obtained a series of novel POTs
[[Ni(L)2]m ACHTUNGTRENNUNG[{Ni6 ACHTUNGTRENNUNG(m3-OH)3(L)3�nACHTUNGTRENNUNG(H2O)6+2n}(B-a-XW9O34)]
·yH2O (L=organoamines, X=PV/SiIV), [Cu6ACHTUNGTRENNUNG(m3-OH)3 ACHTUNGTRENNUNG(en)3-
ACHTUNGTRENNUNG(H2O)3 ACHTUNGTRENNUNG(B-a-PW9O34)] ACHTUNGTRENNUNG·7H2O (Figure 1m), and [{Ni7ACHTUNGTRENNUNG(m3-
OH)3 ACHTUNGTRENNUNGO2ACHTUNGTRENNUNG(dap)3 ACHTUNGTRENNUNG(H2O)6}(B-a-PW9O34)] ACHTUNGTRENNUNG[{Ni6ACHTUNGTRENNUNG(m3-OH)3ACHTUNGTRENNUNG(dap)3-
ACHTUNGTRENNUNG(H2O)6}(B-a-PW9O34)] ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(dap)2ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG·4.5H2O (Figure 1n)
based on a single trivacant Keggin fragment capped by a
{Ni6}/ACHTUNGTRENNUNG{Cu6}/ACHTUNGTRENNUNG{Ni7} unit.[15a,b] In the enlightenment of these find-
ings, we think that if two trivacant [a-XW9O34]


9/10� frag-
ments simultaneously interact with an in situ formed TM
oligomer, novel sandwiched TMSPs will be formed under
appropriate conditions. In an effort to realize this target,
eventually, a family of inorganic–organic tetra-TM sand-
wiched POTs with discrete and extended structures have
been isolated in our lab (Figure 1d).[14b–d] For example, we
have already obtained three rare 2D tetra-TM sandwiched
POTs built by sandwich-type building blocks of [Ni4ACHTUNGTRENNUNG(Hdap)2


(B-a-HXW9O34)2] (X=SiIV/GeIV/PV).[14c] Whereas, a novel
hexa-Cu sandwiched POT [Cu ACHTUNGTRENNUNG(enMe)2]2{[Cu ACHTUNGTRENNUNG(enMe)2-
ACHTUNGTRENNUNG(H2O)]2ACHTUNGTRENNUNG[Cu6ACHTUNGTRENNUNG(enMe)2 (B-a-SiW9O34)2]}·4H2O was also isolat-
ed (Figure 1l).[14e] As an extension of our work, the reaction
of CuCl2·2H2O with trivacant Keggin precursors of
K8Na2[A-a-GeW9O34]·25H2O or K10[A-a-SiW9O34]·25H2O
in the presence of aliphatic amines or rigid aromatic amines
led to five novel inorganic–organic hybrids of octa-Cu sand-
wiched POTs (Figure 1r): H4ACHTUNGTRENNUNG[CuII


8ACHTUNGTRENNUNG(dap)4ACHTUNGTRENNUNG(H2O)2(B-a-
GeW9O34)2]·13H2O(1), (H2en)2ACHTUNGTRENNUNG[CuII


8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-GeW9-
ACHTUNGTRENNUNGO34)2]·5H2O (2), (H2en)2ACHTUNGTRENNUNG[CuII


8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-SiW9O34)2]-
ACHTUNGTRENNUNG·8H2O (3), [CuII


ACHTUNGTRENNUNG(H2O)2]H2ACHTUNGTRENNUNG[CuII
8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-SiW9O34)2]-


ACHTUNGTRENNUNG(4), and [CuII
2ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2] ACHTUNGTRENNUNG{[CuII


ACHTUNGTRENNUNG(bdyl)]2 ACHTUNGTRENNUNG[CuII
8ACHTUNGTRENNUNG(2,2’-


bpy)4 ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]}·4H2O(5), besides two octa-
Cu sandwiched POTs [Cu ACHTUNGTRENNUNG(dap) ACHTUNGTRENNUNG(H2O)3]2ACHTUNGTRENNUNG[{Cu8ACHTUNGTRENNUNG(dap)4-
ACHTUNGTRENNUNG(H2O)2}(B-a-SiW9O34)2]·6H2O (7)[15b] and [CuII


ACHTUNGTRENNUNG(H2O)2]H2-
ACHTUNGTRENNUNG[CuII


8ACHTUNGTRENNUNG(dap)4ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2] (8)[15c] reported by us
recently. Alternately, a mixture of CuCl2·2H2O, GeO2,
Na2WO4·2H2O, H2SiW12O40·2H2O, 2,2’-bpy, and 4,4’-bpy af-
forded another mixed-valent octa-Cu sandwiched POT [CuI-
ACHTUNGTRENNUNG(2,2’-bpy) ACHTUNGTRENNUNG(4,4’-bpy)]2ACHTUNGTRENNUNG{[CuI


2ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)]2ACHTUNGTRENNUNG[CuI
2CuII


6-
ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)2(B-a-GeW9O34)2]} ACHTUNGTRENNUNG·2H2O (6) (Figure 1s).
1, 2, and 3 are discrete dimers constructed from two triva-
cant Keggin [B-a-XW9O34]


10� (X=GeIV/SiIV) fragments in-
corporating an octa-Cu cluster whereas 4 displays 3D (3,6)-
connected nets with (4·62)(42·64·87·102) topology based on
octa-Cu sandwiched trivacant Keggin POMs as building
blocks, which is isostructural to 8.[15c] 5 is a novel 2D layer
based on octa-Cu sandwiched POM clusters and [CuII


2-
ACHTUNGTRENNUNG(bdyl)] units. Interestingly, the rollover metalation[17] of 2,2’-
bpy is firstly observed in the system containing copper com-
plex under hydrothermal conditions. 6 is a discrete mixed-
valent octa-Cu sandwiched dimer supported by two symmet-
rical di-CuI complexes [CuI


2ACHTUNGTRENNUNG(2,2’-bpy)2 ACHTUNGTRENNUNG(4,4’-bpy)]2+ through
4,4’-bpy bridges except for two free mono-Cu complexes
[CuI


ACHTUNGTRENNUNG(2,2’-bpy)ACHTUNGTRENNUNG(4,4’-bpy)]+ . To the best of our knowledge, 1–
6 represent a novel and rare family of POTs incorporating


octa-nuclear TM clusters in POM chemistry. The successful
syntheses of these POTs not only further testify that the
combination of lacunary POM precursors and hydrothermal
conditions is an effective strategy in preparing novel hybrid
inorganic–organic TMSPs, but also enrich the structural di-
versity of sandwich-type TMSPs.


Results and Discussion


Synthesis and IR spectra : Many inorganic TMSPs can be
easily obtained based on mono-, di-, tri-, or even multi-
vacant POM precursors by virtue of conventional aqueous
solution methods under the standard pressure, especially for
Keggin- and Dawson-type POTs. However, this method is
not suitable to prepare hybrid inorganic–organic POTs con-
taining octa-Cu clusters in the presence of aliphatic amines
such as 1,2-diaminopropane (dap) and ethylenediamine (en)
or rigid aromatic amines such as 2,2’-bipyridine (2,2’-bpy)
and 4,4’-bpy. Therefore, we chose the hydrothermal method
to explore this subject. Because the solubilities of different
phases are increased, a variety of organic and inorganic
components can be introduced. As we know, the rational
design of an experiment implies two steps: the first is to
identify the structural type and probable chemical composi-
tions that would give rise to the desired properties; the next
step is to find an appropriate method to make the materi-
als.[16a] Although we are far from the ultimate dream of
“tailor-making” desired products with specified structures
and properties, the rational design has been possible to a
limited extent within selected families of compounds. In our
case, it is possible to predict the existence of new phases
within the same structural types by analogy to already
known phases.


At the beginning, the reaction of the trivacant Keggin
poly ACHTUNGTRENNUNGoxoanion [A-a-SiW9O34]


10� (A-a-SiW9) with the CuII


ion in the presence of dap resulted in the first hybrid inor-
ganic–organic octa-Cu sandwiched POT 7[15b] (Table 1).
With the further exploitation of our experiments, we also
isolated another two silicotungstates, 3 and 4. The structure
of 3 is very similar to that of 7,[15b] however, 4, unlike 3, is a
novel 3D structure with a (4·62)(42·64·87·102) topological net.
Considering the structural similarity between [A-a-
GeW9O34]


10� (A-a-GeW9) and A-a-SiW9, if A-a-GeW9 was
employed, three hybrid inorganic–organic germanotung-
states 1, 2 and 8[15c] were consecutively separated. 2 and 8[15c]


are isostructural to 3 and 4, respectively. Unfortunately, if
[A-a-PW9O34]


10� (A-a-PW9) was introduced, a completely
distinct POT [Cu6(en)3ACHTUNGTRENNUNG(H2O)3(OH)3][B-a-PW9O34]·7H2O (9)
was afforded. POT 9 was recently reported by us,[15b] with a
3D 4966 “Archimedean-type” net built by hexa-Cu incorpo-
rated trivacant Keggin-type phosphotungstate units. Hither-
to, the octa-Cu sandwiched phosphotungstate have not been
synthesized in our lab so far, we think that the key factor
may be intimately related to the nature of A-a-PW9.


These intriguing results ignited and spurred on our inten-
sive interest. Can the replacement of dap/en with 2,2’-bipy
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or 4,4’-bpy form octa-Cu sandwiched POTs? After many ex-
periments, we finally made a 2,2’-bpy-containing octa-Cu
sandwiched germanotungstate 5. Notably, 4,4’-bpy is very
necessary in making 5, although it is not found in the struc-
ture of 5. The role of 4,4’-bpy is not well understood to date.
Unfortunately, similar silicotungstates and phosphotung-
states have still not been harvested. Further investigations
are in progress. During the course of our exploration, we
also obtained another novel copper-complex-substituted
POT dimer {[CuII


5ACHTUNGTRENNUNG(2,2’-bpy)5ACHTUNGTRENNUNG(H2O)][B-a-GeW9O34]}2·7H2O
(10),[18a] which contains two hybrid trivacant {[CuII


ACHTUNGTRENNUNG(2,2’-
bpy)]4[B-a-GeW9O34]}


2� units linked by two five-coordinate
[CuII


ACHTUNGTRENNUNG(2,2’-bpy)ACHTUNGTRENNUNG(H2O)]2+ bridges. Although a tetravacant
Keggin POT dimer Na2 ACHTUNGTRENNUNG[{Cu8ACHTUNGTRENNUNG(2,2’-bpy)8}ACHTUNGTRENNUNG(PW8O31)2]·7H2O,
which is very similar to 10, was reported by Lisnard et al by
virtue of a mixture of Na2WO4·2H2O, CuCl2·2H2O, 2,2’-bpy,
H3PO4, and H2O under 160 8C hydrothermal conditions,[18b]


to date we still have not obtained similar silicotungstates
and phosphotungstates by the reaction of a-XW9 (X=SiIV/
PV) fragments with CuII ions. To extend our work, we react-
ed CuCl2·2H2O with a mixture of GeO2, Na2WO4·2H2O,
H2SiW12O40·2H2O in the presence of 2,2’-bpy and 4,4’-bpy, 5
and an unprecedented mixed-valent octa-Cu sandwiched
germanotungstate 6 were successfully obtained. In the ab-
sence of H2SiW12O40·2H2O, under similar conditions to
those of 5 and 6, we harvested two copper-complex-substi-
tuted tungstogermanates 10 and [CuII


5 ACHTUNGTRENNUNG(2,2’-bpy)6ACHTUNGTRENNUNG(H2O)][B-b-
GeW8O31]·9H2O (11),[18a] which are distinct from 5 and 6.
Compound 11 is a tetravacant b-Keggin [b-B-GeW8O31]


10�


polyoxoanion supported by five CuII-2,2’-bpy coordination
cations. Experimental results proved that when
H2SiW12O40·2H2O was removed from the reaction system, 5
and 6 could not be isolated. The role of H2SiW12O40·2H2O is
not well understood. Until now, 6 could not be obtained by
the reaction of A-a-GeW9 with CuII ions in the presence of
2,2’-bpy and 4,4’-bpy.


A comparison of 1–4 with 5–
6 shows that they all contain
octa-Cu cluster units, but the
formation pH values are differ-
ent. For 1–4, the initial pH
values vary between 3.5–4.5,
whereas for 5–6, the starting
pH values range between 9.0–
10.5. Under the pH values sim-
ilar to 1–4, 5–6 can not be
made. In contrast, under the
pH values similar to 5–6, 1–4
can not be obtained. As a
result, we conjecture that the
formation of 1–6 may be relat-
ed to the basicity of ligands.


It is necessary that the trans-
formation between isomers oc-
curred in the formation of 1–5.
Compounds 1, 2, and 5 inevita-
bly experienced the isomeriza-


tion of A-a-GeW9!B-a-GeW9. In the formation of 3 and 4,
the isomerization of A-a-SiW9!B-a-SiW9 was also ob-
served. The isomerization of A-a-GeW9!B-a-GeW9 was
previously observed in conventional aqueous solution[5b] and
under hydrothermal conditions,[15c] respectively. Further-
more, the isomerization behaviors between different silico-
tungstate polyoxoanions in aqueous solution were systemati-
cally studied by TQzQ et al and well understood.[3c] This iso-
merization of A-a-XW9!B-a-XW9 (X=GeIV/SiIV) may be
closely related to the reaction conditions and the stability of
the resulting products. On one hand, if the reaction is car-
ried out under heating condition, it is favorable for this iso-
merization of A-a-XW9!B-a-XW9,


[15b,19] which is in good
agreement with the driving force of isomerization controlled
by the thermodynamic factors.[19a] On the other hand, the A-
a-XW9 unit has six exposed surface oxygen atoms in the
vacant site, whereas the B-a-XW9 unit has seven exposed
surface oxygen atoms in the vacant site, therefore, the B-a-
XW9 unit can work as a heptadentate ligand to coordinate
to the in situ generated TM clusters and further enhance the
stability of the resulting compounds.[15b]


The IR spectra of 1–6 have been recorded between 4000
and 400 cm�1 and display four characteristic vibration pat-
terns derived from the Keggin framework in ñ=600–
1000 cm�1, namely, n ACHTUNGTRENNUNG(W�Ot), n ACHTUNGTRENNUNG(X�Oa) (X=GeIV/SiIV), n ACHTUNGTRENNUNG(W�
Ob), and n ACHTUNGTRENNUNG(W�Oc). In the IR spectra of 1–4, the stretching
bands of -OH, -NH2, and -CH2 groups are observed at ñ=


3420–3450, 3100–3350, and 2950–3000 cm�1, respectively and
the bending vibration bands of -NH2 and -CH2 groups also
appear at ñ=1570–1640 and 1450–1470 cm�1, respectively.
The occurrence of these resonance signals confirms the pres-
ence of amino groups in 1–4. In the IR spectra of 5, four vi-
bration peaks at ñ=1473, 1447, 1318, and 1252 cm�1 are in-
dicative of 2,2’-bpy and are in good agreement with the re-
ported characteristic vibration peaks of 2,2’-bpy.[18b] In the
IR spectrum of 6, in addition to the four characteristic vi-


Table 1. Summary of synthetic conditions and related phases in the preparations of 1–5.


Reactant Molar ratio of reactants T
[8C]


Phase


A-a-SiW9
[a]/CuCl2·2H2O/dap/H2O 0.097/0.75/0.589/278 100 7[15b]


A-a-SiW9/CuCl2·2H2O/en/H2O 0.097/0.10/0.74/278 100 3
A-a-SiW9/CuCl2·2H2O/en/H2O 0.08/1.25/0.74/278 100 4
A-a-GeW9


[b]/CuCl2·2H2O/dap/H2O 0.08/0.75/0.589/278 100 8[15b]


A-a-GeW9/CuCl2·2H2O/en/H2O 0.08/1.25/0.74/278 100 2
A-a-GeW9/CuCl2·2H2O/2,2’-bpy/4,4’-bpy/H2O 0.12/0.5/0.25/0.50/444 150 5
A-a-GeW9/CuCl2·2H2O/2,2’-bpy/4,4’-bpy 0.08/0.5/0.25/0.25/444 150 10[18a]


GeO2/Na2WO4·2H2O/H2SiW12O40·2H2O
[c]/CuCl2·2H2O/2,2’-bpy/


4,4R-bpy/H2O
0.15/0.6/0.6/0.15/0.13/
0.065/278


170 5


GeO2/Na2WO4·2H2O/H2SiW12O40·2H2O
[c]/CuCl2·2H2O/2,2’-bpy/


4,4R-bpy/H2O
0.15/0.6/0.15/0.13/0.06/5/
278


170 6


GeO2/Na2WO4·2H2O/H2SiW12O40·2H2O
[c]/CuCl2·2H2O/2,2’-bpy/


4,4R-bpy/H2O
0.15/0.6/0.15/0.13/0.06/5/
278


170 10[18a]


GeO2/Na2WO4·2H2O/H2SiW12O40·2H2O
[c]/CuCl2·2H2O/2,2’-bpy/


4,4R-bpy/H2O
0.15/0.6/0.15/0.154/278 170 11[18a]


A-a-PW9
[d]/CuCl2·2H2O/en/H2O 0.094/1.0/0.74/278 80 9[15b]


[a] A-a-SiW9: K10[A-a-SiW9O34]·25H2O. [b] A-a-GeW9: K8Na2[A-a-GeW9O34]·25H2O
[10d][c] H2SiW12O40·2H2O


is the commercial material. [d] A-a-PW9: Na9[A-a-PW9O34] ·7H2O
[3e]
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bration peaks of 2,2’-bpy, two vibration peaks at ñ=1410
and 1220 cm�1 denote the presence of 4,4’-bpy.[18b]


Structures of H4ACHTUNGTRENNUNG[CuII
8ACHTUNGTRENNUNG(dap)4ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]·13H2O


(1) (H2en)2ACHTUNGTRENNUNG[CuII
8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]·5H2O (2) and


ACHTUNGTRENNUNG(H2en)2 ACHTUNGTRENNUNG[CuII
8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-SiW9O34)2]·8H2O (3): The


structure of 1 crystallizes in the monoclinic space group P21/
c, whereas both 2 and 3 are isostructural and crystallize in
the monoclinic space group P21/n (Table 2). The molecular
structure consists of a dimeric polyoxoanion [CuII


8ACHTUNGTRENNUNG(dap)4-
ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]


4� (1a) for 1 (Figure 2a) and
[CuII


8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-XW9O34)2]
4� (X=GeIV/SiIV) for 2 and


3 (Figure S1a in the Supporting Information), which are all
built by two B-a-XW9 fragments and an octa-Cu cluster.
Therefore, only 1 is described in detail. The dimeric 1a can
be considered as a fusion of two [CuII


4ACHTUNGTRENNUNG(dap)2 ACHTUNGTRENNUNG(H2O)(B-a-
GeW9O34)]


2� subunits symmetrically related by an inversion


center (0, 1=2, 0), in which two staggered B-a-GeW9 frag-
ments are linked by eight CuII ions through eight m3-O and
four m4-O atoms from lacunae of two B-a-GeW9 fragments
and two m4-O atoms from two GeO4 groups, resulting in a
novel sandwich-type structure (Figure 2a).


It is of special interest to investigate the structure of the
octa-CuII {[Cu ACHTUNGTRENNUNG(dap)]4Cu4O14 ACHTUNGTRENNUNG(H2O)2} cluster in 1a (Fig-
ure 2b). Eight CuII cations are almost coplanar in the motif
of 3:2:3, leading to three types of the coordination environ-
ments: the first type (two Cu1, two Cu3) resides in a five-co-
ordinate square pyramid, in which the basal plane is defined
by two N atoms from a bidentate dap ligand [Cu�N: 1.958
(17)–2.01(2) S] and two m3-O atoms from two B-a-GeW9


fragments [Cu-m3-O: 1.978(13)–2.011(15) S] and one m4-O
atom from a B-a-GeW9 fragment occupies the apical posi-
tion [Cu�O: 2.394(15)–2.442(14) S]; the second (two Cu2)
is a six-coordinate octahedral geometry with two m3-O and
two m4-O atoms from two B-a-GeW9 fragments building the
equatorial plane [Cu-m3-O: 1.984(14)–1.988(14) S and Cu-
m4-O: 1.993(13)–2.022(14) S], and one m4-O atom from a
GeO4 group and one water O atom standing on the axial po-
sitions [Cu-m4-O: 2.336(13) S and Cu�OW: 2.278(18) S]; the
third (two Cu4) has two m3-O and two m4-O atoms from two
B-a-GeW9 fragments in the square planar coordination [Cu-
m3-O: 1.947(14)–1.978(13) S and Cu-m4-O: 1.981(12)–
1.985(12) S], and its coordination sphere is completed by
two m4-O atoms from two B-a-GeW9 fragments [Cu-m4-O:
2.413(14)–2.415(14) S]. To our knowledge, such a coplanar
octa-Cu cluster is novel, not only in coordination chemistry,
but also in POM chemistry. The octa-Cu cluster is formed
by four interior CuIIO6 octahedra and four exterior
CuIIO3N2 square pyramids in the edge-sharing fashion (Fig-
ure 1r), in which four exterior CuIIO3N2 groups have two co-
ordination orientations: the pyramidal vertices of two
CuIIO3N2 groups point to one side of the plane defined by
eight CuII ions, whereas the pyramidal vertices of the other
two CuIIO3N2 groups point to the other side of the plane.
Additionally, four interior edge-sharing CuO6 groups form a
centrosymmetric rhomboid-like cluster {Cu4O14ACHTUNGTRENNUNG(H2O)2},
which was observed in a tetra-CuII sandwiched [Cu4-
ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]


12�,[7d] as a consequence, 1a can be
considered as a novel derivative of [Cu4ACHTUNGTRENNUNG(H2O)2(B-a-
GeW9O34)2]


12�. The octa-Cu cluster {[Cu ACHTUNGTRENNUNG(dap)]4Cu4O14-
ACHTUNGTRENNUNG(H2O)2} in 1a can also be considered that four exogenous
five-coordinate [Cu ACHTUNGTRENNUNG(dap)]2+ cations graft to four corners of
the rhombic cluster {Cu4O14ACHTUNGTRENNUNG(H2O)2} in [Cu4 ACHTUNGTRENNUNG(H2O)2(B-a-
GeW9O34)2]


12� through twelve oxygen atoms from the lacu-
nae of two B-a-GeW9 fragments (Figure 2c). Furthermore,
the {[Cu(en)]4Cu4O14ACHTUNGTRENNUNG(H2O)2} clusters in 2 and 3 are very
similar to that in 1 (Figure 2d). Owing to the coexistence of
octahedral and square pyramidal geometries of CuII ions,
the Jahn–Teller effect of octahedra, pseudo-Jahn–Teller
effect of square pyramids and different linkage modes possi-
bly lead to different isomers or configurations. In 1, all the
CuII ions exhibit the axial elongation, whereas in 8,[15c] Cu1,
Cu2, and Cu3 ions exhibit the axial elongation and Cu4 ion
shows the axial compression. Moreover, one copper-substi-


Figure 2. a) Ball-and-stick/polyhedral representation of 1a. b) The con-
nection motif of the {[Cu ACHTUNGTRENNUNG(dap)]4Cu4O14ACHTUNGTRENNUNG(H2O)2} cluster in 1a. Atoms with
“A” in their labels are symmetrically generated (A: �x, 1�y, �z). c) Re-
lationship between the tetra-Cu cluster {CuII


4O14 ACHTUNGTRENNUNG(H2O)2} in the [CuII
4-


ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]
12� polyoxoanion and the octa-Cu cluster {[CuII-


ACHTUNGTRENNUNG(dap)]4CuII
4O14 ACHTUNGTRENNUNG(H2O)2} in 1. d) The connection motif of the {[Cu(en)]4


Cu4O14 ACHTUNGTRENNUNG(H2O)2} cluster in 3. Atoms with “B” in their labels are symmetri-
cally generated (B: 1�x, �y, �z). e) The packing arrangement of 1 along
the b axis, and the yellow dashed bonds represent the hydrogen-bonding
interactions.
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tuted POT K7Na ACHTUNGTRENNUNG[CuII
4K2ACHTUNGTRENNUNG(H2O)6(a-AsW9O33)2]·5.5H2O in-


cluding simultaneously the axial elongation/compression of
CuII ions.[20] In addition, since the adjacent Cu···Cu distances
are in the range of 3.057–3.209 S and Cu-O-Cu angles vary


Table 2. X-ray crystallographic data for 1–6.


1 2[c] 3


empirical formula C12H74N8O83Cu8Ge2W18 C12H66N12O75Cu8Ge2W18 C12H72N12O78Cu8Si2W18


formula weight 5621.59 5541.57 5506.62
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/n P21/n
a [S] 13.2438(1) 13.417(3) 13.2929(17)
b [S] 16.5562(2) 21.315(8) 21.195(4)
c [S] 23.6087(1) 15.780(4) 15.591(2)
a [8] 90 90 90
b [8] 98.696(1) 91.009(10) 91.674(7)
g [8] 90 90 90
V [S3] 5117.10(8) 4512(2) 4390.6(11)
Z 2 2 2
1c [gcm�3] 3.649 4.079 4.165
absorption coefficient, mm�1 22.436 25.435 25.500
T [K] 293(2) 293(2) 293(2)
limiting indices �13�h�16 �15�h�15 �15�h�15


�15�k�20 �25�k�20 �25�k�17
�28� l�26 �18� l�18 �18� l�18


no. of reflections collected 27426 26920 25864
no. of independent reflections 9630 7913 7420
data/restrains/parameters 9630/6/572 7913/12/471 7420/38/519
goodness-of-fit on F2 1.103 1.096 1.097
final R indices [I>2s(I)]
R1 0.0618[a] 0.1793 0.0797
wR2 0.1110[b] 0.4180 0.1813
R indices (all data)
R1 0.1177 0.1970 0.0875
wR2 0.1327 0.4271 0.1855


4 5 6
empirical formula C8H42Cu9N8O72Si2W18 C80H76Cu12Ge2N16O76W18 C140H116Cu14Ge2N28O70W18


formula weight 5339.84 6694.53 7654.65
crystal system tetragonal monoclinic triclinic
space group P42/ncm C2m P1̄
a [S] 21.3874(13) 21.308(8) 15.374(2)
b [S] 21.3874(13) 22.250(7) 15.958(2)
c [S] 18.634(2) 17.756(6) 20.163(4)
a [8] 90 90 96.988(12)
b [8] 90 121.366(3) 108.544(7)
g [8] 90 90 108.919(8)
V [S3] 8523.4(12) 7188(4) 4295.0(12)
Z 4 2 1
1c [gcm�3] 4.161 3.093 2.959
absorption coefficient, mm�1 26.499 16.569 14.123
T [K] 293(2) 293(2) 293(2)
limiting indices �25�h�25 �25�h�25 �16�h�18


�25�k�21 �26�k�15 �18�k�18
�22� l�21 �21� l�21 �23� l�23


no. of reflections collected 51668 23017 27445
no. of independent reflections 3859 6514 14887
data/restrains/parameters 3859/1/285 6514/86/523 14887/17/1027
goodness-of-fit on F2 1.077 1.049 1.009
final R indices [I>2s(I)]
R1 0.0747 0.0656 0.0512
wR2 0.1870 0.1668 0.1332
R indices (all data)
R1 0.0834 0.0909 0.656
wR2 0.1966 0.1801 0.1451


[a] R1 =� j jFo j� jFc j j /� jFo j . [b] wR2 = [�w ACHTUNGTRENNUNG(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, in which x=0.0276, y=270.2291 for 1,


x=0.1134, y=3502.4368 for 2, x=0.0520, y=859.8872 for 3, x=0.1155, y=0.0000 for 4, x=0.0851, y=565.6891 for 5 and x=0.0923, y=0.0000 for 6.
[c] Although the final residuals (R1/wR2) are somewhat large, owing to poor crystal quality, the POM backbone and organic ligands in 2 are well be-
haved, and there are no unusual temperature factors in the structure.
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in 80.6(5)–107.1 (6)8 in 1, competitive ferromagnetic and an-
tiferromagnetic interactions are expected in such a system
mediated by oxo-bridges.


It should be mentioned that the assembly of metal-in-
volved supramolecular architectures is currently of great in-
terest in the field of supramolecular chemistry and crystal
engineering because they can provide novel topology and
functional materials.[21] Moreover, Keggin-based supra-
molecular architectures are regarded as one of the most
promising materials potentially applied in the field of
chemistry, biology and material sciences.[22] From the view-
point of supramolecular chemistry, supramolecular architec-
tures are also present in 1–3 taking into account hydrogen-
bonding interactions between the nitrogen atoms of amine
ligands and the surface oxygen atoms of polyoxoanions and
water molecules (Figure 2e, and S1b in the Supporting Infor-
mation). The N-H···O distances are in the range of 2.94(3)–
3.32(3) S for 1, 2.73(10)–3.24(10) S for 2, and 2.17(6)–
3.29(3) S for 3, respectively.


Except several POTs sandwiching coplanar octa-Cu clus-
ters reported in our previous[15b–c] and present papers, only
two POTs sandwiching coplanar hexa-Cu clusters have been
addressed by YamaseRs group and our group in 2006 and
2007 respectively,[10a,14e] in which the coplanar hexa-Cu clus-
ters adopt two distinct distribution motifs: in (nBuNH3)12-
ACHTUNGTRENNUNG[CuII


6Cl6(B-a-AsW9O33)2]·4H2O,[10a] the hexa-Cu cluster with
D3d symmetry shows an equatorial hexagonal alignment
formed by the edge-sharing mode (Figure 1h), in which each
CuII ion is square-pyramidally coordinated by four O atoms
from two [B-a-AsW9O33]


9� fragments and an exterior Cl
ion; whereas in [CuII


ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG{[CuII
ACHTUNGTRENNUNG(enMe)2ACHTUNGTRENNUNG(H2O)]2-


ACHTUNGTRENNUNG[CuII
6ACHTUNGTRENNUNGACHTUNGTRENNUNG(enMe)2(B-a-SiW9O34)2]}·4H2O,[14e] the hexa-Cu cluster


with Ci symmetry exhibits a belt-like arrangement generated
by the edge-sharing mode (Figure 1l), in which there are
three kinds of CuII coordination environments, two central
CuII ions octahedrally coordinated by six O atoms from two
B-a-SiW9 fragments, two CuII ions square-pyramidally coor-
dinated by five O atoms from two B-a-SiW9 fragments, and
two CuII ions square-pyramidally coordinated by three O
atoms from two B-a-SiW9 fragments and two N atoms from
enMe ligands.[14e] Very recently, a new POT [Cu14(OH)4-
ACHTUNGTRENNUNG(H2O)16 ACHTUNGTRENNUNG(SiW8O31)4]


16� was reported by Wang et al,[12b] in
which the hexa-Cu cluster sandwiched by two [b-SiW8O31]


10�


fragments exhibits C2 symmetry, although six CuII ions have
octahedral geometries, they are not situated on one plane:
three CuO6 octahedra are edge-sharing to form a trigonal
trimer, the remaining three are also edge-sharing and gener-
ate a linear trimer, and then two trimers are further linked
by two corner-sharing vertices (Figure S2 in the Supporting
Information). Additionally, a C-shaped octa-Co-incorporat-
ed silico-tungstate with a discrete structure, K8Na8[(A-a-
SiW9O34)2Co8(OH)6 ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(CO3)3]·52H2O, was recently re-
ported by Mialane et al,[2j] in which two {Co4O9(OH)3ACHTUNGTRENNUNG(H2O)}
clusters are linked edge-shared through three carbonato
groups (Figure 1q). The structures 1–3, and 7 represent rare,
discrete, inorganic–organic octa-Cu sandwiched POTs,
whereas 4 and 8 represent unique, 3D, hybrid-inorganic–or-


ganic octa-Cu sandwiched POTs with a (4·62)(42·64·87·102)
topology in POM chemistry.


Structure of [CuII
ACHTUNGTRENNUNG(H2O)2]H2ACHTUNGTRENNUNG[CuII


8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-SiW9-
ACHTUNGTRENNUNGO34)2] (4): Different from 1, 2, and 3, compound 4 crystalli-
zes in the tetragonal space group P42/ncm. In 1, 2, and 3, a
crystallographic imposed C2 axis passes through an inversion
center (0, 0.5, 0) and (0.5, 0, 0), respectively, whereas in 4
there is a crystallographically imposed C4 axis that passes
through an inversion center (0, 0.5, 0). The structural unit of
4 consists of a dimeric unit [CuII


8(en)4ACHTUNGTRENNUNG(H2O)2(B-a-
SiW9O34)2]


4� (4a) and one [CuII
ACHTUNGTRENNUNG(H2O)2]


2+ cation (Figure 3a).
The connection mode of the octa-CuII cluster
{[CuII(en)]4CuII


4O14 ACHTUNGTRENNUNG(H2O)2} (Figure 3b) in 4 is similar to that
in 1, therefore, we do not discuss it here. However, it is of
special interest that adjacent dimeric units 4a are connected
by [CuII4 ACHTUNGTRENNUNG(H2O)2]


2+ bridges constructing a 3D framework
that is isostructural to [CuII


ACHTUNGTRENNUNG(H2O)2]H2ACHTUNGTRENNUNG[CuII
8ACHTUNGTRENNUNG(dap)4ACHTUNGTRENNUNG(H2O)2(B-


a-GeW9O34)2] (8) recently reported by us.[15c]


The most striking structural feature of 4 is that each 4a
joins an adjacent six [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ bridges (Figure 3a),
each [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ bridge links to an adjacent three 4a
units (Figure 3c), leading to a novel 3D (3,6)-connected net-
work. The inerratic arrangements of such 4a units and [Cu4-
ACHTUNGTRENNUNG(H2O)2]


2+ bridges along the 42 screw axis result in two types
of small helical channels (A and B) with the cross-section
sizes of 2.5V2.5 S and 1.3V1.3 S along the c-axis (Fig-
ure 3d). Notably, channels A and B are enclosed by two
couple of interweaved dual left-/right helices, L1/R1 and L2/
R2, with a pitch of 18.63 S (Figure 3e). For L1/R1 chains,
each chain is built by 4a units through the [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+


bridges. The en ligands and the terminal O atoms of B-a-
SiW9 units protrude into the inner of A channels. There
exist the hydrogen-bonding interactions between N atoms of
en ligands and O atoms of B-a-SiW9 units (N-H···O:
3.02(3)–3.19(2) S). For L2/R2 chains, each chain is con-
structed from the [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ cations through 4a units.
Different from A channels, the coordination water mole-
cules from [Cu4ACHTUNGTRENNUNG(H2O)2]


2+ cations point to the inner of B
channels. Although two 3D architectures with helical chan-
nels built by plenary Keggin units and amino acid com-
plexes[23] and a novel 3D architecture with hexagonal chan-
nels enclosed by three inter-weaved helical chains construct-
ed from hexa-CuII clusters and trivacant Keggin B-a-PW9


fragments[15b] have been reported, to our knowledge, 4 and 8
represent the first 3D (3,6)-connected trivacant Keggin de-
rivatives with helical channels based on the octa-Cu sand-
wiched POTs as building blocks. Topologically, the nonpene-
trating 3D (3,6)-connected network can be simplified by
considering that each dimer 4a is regarded as a 6-connected
node and every [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ functions as 3-connected
node, the resulting net is shown in Figure 3f. The 6- and 3-
connected nodes are in the ratio 1:2. A topological analysis
of this net was performed with OLEX.[24] The SchWfli
symbol of this net is (4·62)(42·64·87·102).
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Structure of [CuII
2ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2] ACHTUNGTRENNUNG{[CuII


ACHTUNGTRENNUNG(bdyl)]2ACHTUNGTRENNUNG[CuII
8ACHTUNGTRENNUNG(2,2’-


bpy)4ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]}·4H2O (5): Structure 5 crystal-
lizes in the monoclinic space group C2m. Its molecular unit
(Figure 4a) consists of an unprecedented POT dimer sup-
ported by four [Cu2ACHTUNGTRENNUNG(bdyl)]2+ bridges, {[Cu ACHTUNGTRENNUNG(bdyl)]2 ACHTUNGTRENNUNG[Cu8 ACHTUNGTRENNUNG(2,2’-
bpy)4 ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]}


4� (5a) (Figure 4b), a dimeric
cation [Cu2ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(2,2’-bpy)2]


4+ and four lattice water mole-
cules. Notably, the bdyl ligand on the supported [Cu2-
ACHTUNGTRENNUNG(bdyl)]2+ groups is derived from 2,2’-bpy by eliminating two
protons, and adopts an unique trans-four-coordination mode
to bond two CuII atoms, resulting in a novel [Cu2 ACHTUNGTRENNUNG(bdyl)]2+


group. The linking mode of two B-a-GeW9 and one {[Cu-
ACHTUNGTRENNUNG(2,2’-bpy)]4Cu4O14 ACHTUNGTRENNUNG(H2O)2} cluster in 5 is similar to those in


1–4. Intriguingly, 5 exhibits four obvious structural features
different from 1–4. First, although the {[Cu ACHTUNGTRENNUNG(2,2’-
bpy)]4Cu4O14 ACHTUNGTRENNUNG(H2O)2} cluster in 5 also displays the alignment


Figure 3. a) Coordination environment of the dimeric unit 4a. b) The
connection motif of the {[CuII(en)]4CuII


4O14ACHTUNGTRENNUNG(H2O)2} cluster in 4. Atoms
with “A–G” in their labels are symmetry-generated (A: y, 0.5�x, �0.5+


z ; B: 0.5�y, x, �0.5+z ; C: �0.5+y, 0.5+x, �z ; D: �0.5+x, 1�y, 0.5�z ;
E: �x, 0.5+y, 0.5�z ; F: 0.5�y, 0.5�x, z ; G: �x, 1�y, �z). c) The combi-
nation of one [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ ion and three 4a units. d) The 3D frame-
work viewed down the c-axis, revealing two types of A and B helical
channels. The [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ bridges are highlighted in red polyhedra.
The carbon and hydrogen atoms are omitted for clarity. e) The dual left-/
right-handed helices (L1/R1 and L2/R2) enclosing two different A and B
channels, respectively. For clarity, L1/R1 helices are only shown in 4a
nodes, and [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ bridges are omitted, whereas L2/R2 helices
are only shown in [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ nodes, and 4a bridges are omitted.
f) The 3D (4·62) (42·64·87·102) net along the c-axis. Dark green: 4a nodes;
Blue: [Cu4 ACHTUNGTRENNUNG(H2O)2]


2+ nodes.


Figure 4. a) Ball-and-stick/polyhedral representation of the molecular
unit of 5. Hydrogen atoms and lattice water molecules are omitted for
clarity. b) The connection fashion of [CuII


2ACHTUNGTRENNUNG(bdyl)]2+ groups and the [CuII
8-


ACHTUNGTRENNUNG(2,2’-bpy)4 ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]
4� unit in 5. c) The connection motif of


the {[CuII
ACHTUNGTRENNUNG(2,2’-bpy)]4CuII


4O14ACHTUNGTRENNUNG(H2O)2} cluster. Atoms with “A–D” in their
labels are symmetry-generated (A: x, 1�y, z ; B: 1�x, 1�y, �z ; C: 1�x, y,
�z ; D: �x, �y, 1�z). d) The 2D layer of 5 along the a-axis showing rec-
tangular pores with sizes of 14.0V7.2 S. The dimeric [Cu2 ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-
bpy)2]


4+ cations were omitted for clarity. e) The coordination environ-
ment of the [CuII


2 ACHTUNGTRENNUNG(bdyl)]2+ group. f) Topological view of the 2D layers
along the a-axis showing the (4,4)-network and the -ABAB- mode. A:
green, B: red; 5a nodes: green/red balls. g) The arrangement of hybrid
polyoxoanions 5a (green) and free dimeric cations [CuII


2 ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-
bpy)2]


4+ (yellow) exhibiting the p–p interactions between pyridyl rings.
The red dashed bonds represent the p–p interactions.
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motif of 3:2:3, four five-coordinate CuII cations are stabi-
lized by four 2,2’-bpy ligands rather than en or dap ligands
(Figure 4c).


Secondly, [Cu2ACHTUNGTRENNUNG(bdyl)]2+ groups cap to the windows on the
“polar” positions of 5a to give a beautiful flower-shaped ap-
pearance. Each [Cu2 ACHTUNGTRENNUNG(bdyl)]2+ group grafts to a window
through three stronger m3-O bridges and one weaker m3-O
bridge with Cu�O distances of 2.181(18)–2.521(21) S. Simi-
lar grafting fashions between [Cu ACHTUNGTRENNUNG(2,2’-bpy)]2+ groups and la-
cunary Keggin units have been observed in two inorganic–
organic hybrid POTs, [Cu5ACHTUNGTRENNUNG(2,2’-bpy)6 ACHTUNGTRENNUNG(H2O)][B-b-Ge-
W8O31]·9H2O


[18a] and Na{CuACHTUNGTRENNUNG(2,2’-bpy) ACHTUNGTRENNUNG(H2O)}2{CuACHTUNGTRENNUNG(2,2’-
bpy)}2(B-a-SbW9O33)]·2H2O.[25] For example, in the latter,
each [CuII


ACHTUNGTRENNUNG(2,2’-bpy)]2+ group also grafts to a window on the
“polar” position of [B-a-SbW9O33]


9� unit with Cu-O distan-
ces of three stronger m3-O bridges and one weaker m3-O
bridge in the range of 2.019(7)–2.411(7) S.[25]


Thirdly, in the 2D architecture the bdyl group acts as a
twofold-deprotonated anionic N,C6C,N ligand that forms
an unique trans-four-coordination mode to two CuII atoms
(Figure 4e). This is the first time that such rollover metala-
tion[17] of 2,2’-bpy has been observed in a system containing
a copper complex under hydrothermal conditions.


Fourthly, there is a discrete di-Cu complex cation [Cu2-
ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2]


4+ in 5, in which each CuII ion coordinates
to two N atoms of a 2,2’-bpy ligand and two bridging water
ligands with Cu�N and Cu�O distances of 1.975(14) and
1.936(15) S, respectively. Although it is not possible to
locate the protons of the bridging water ligands during the
structure refinement, its presence is required to balance the
charge of the crystal structure and can be deduced from a
calculation of the bond valence sum (BVS) around the
oxygen atom (BVS=0.99 for the oxygen using only two
Cu�O bonds).[26] Of particular interest is that each hybrid
dimer 5a links to adjacent four others through four [Cu2-
ACHTUNGTRENNUNG(bdyl)]2+ bridges to form a 2D (4,4)-network showing rec-
tangular pores with sizes of 14.0V7.2 S in the bc plane (Fig-
ure 4 f), which is distinct from known sandwich-type family
of TMSPs. Apart from five 2D tetra-ZnII/NiII sandwiched
POTs, [Zn ACHTUNGTRENNUNG(enMe)2ACHTUNGTRENNUNG(H2O)]2{[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(HenMe)2ACHTUNGTRENNUNG(PW9


O34)2]}·8H2O, [ZnACHTUNGTRENNUNG(enMe)2ACHTUNGTRENNUNG(H2O)]4ACHTUNGTRENNUNG[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG[(enMe)2]
{[Zn(enMe)2]2[Zn4(HSiW9O34)2]}{[Zn(enMe)2(H2O)]2[Zn4


(HSiW9O34)2]}] ACHTUNGTRENNUNG·13H2O,[16a] and {[NiACHTUNGTRENNUNG(dap)2 ACHTUNGTRENNUNG(H2O)]2 ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(dap)2]2-
ACHTUNGTRENNUNG[Ni4 ACHTUNGTRENNUNG(Hdap)2(B-a-HXW9O34)2]}ACHTUNGTRENNUNG·nH2O (n=1, X=SiIV/GeIV;
n=0, X=PV)[16b] reported by our lab and a 2D tetra-NiII


sandwiched POT, (NH4)2ACHTUNGTRENNUNG[Ni4ACHTUNGTRENNUNG(enMe)8ACHTUNGTRENNUNG(H2O)2Ni4ACHTUNGTRENNUNG(enMe)2-
ACHTUNGTRENNUNG(PW9O34)2]·9H2O, addressed by Wang et al,[14f] to the best of
our knowledge, 5 is the first 2D layer architecture construct-
ed from octa-CuII sandwiched TMSP in POM chemistry.
Notice that adjacent layers are aligned in the -ABAB- mode
along the a- axis (Figure 4f). The discrete dimeric cations
[Cu2ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2]


4+ as spacers are filled with interlay-
ers. The 2D layer of 5 is mainly governed by the [Cu2-
ACHTUNGTRENNUNG(bdyl)]2+ functionality. In the 2D architecture, the bdyl
group acts as a twofold-deprotonated anionic N,C6C,N
ligand bridging two CuII ions, forming a unique [Cu2-
ACHTUNGTRENNUNG(bdyl)]2+ unit (Cu�N: 2.03(4) and Cu�C: 1.92(3) S)


(Scheme S1 in the Supporting Information). The formation
of the bdyl can be interpreted by the rollover metalation of
2,2’-bpy. The so-called “rollover” metalation of 2,2’-bpy,
which entails cleavage of a C�H bond of pyridine ring, was
first observed in an IrIII-complex in the 1980s.[27a–c] Since
then, the rollover metalation containing cyclometalated N,C
species has also been discovered in a 2,2’-bpy-based PtII


complex[17] and the derivatives of 2,2’-bpy, such as N-substi-
tuted 2,2’-bpyridines,[27d] 6-substituted 2,2’-bipyridines,[27e,f]


and 6,6’-substituted 2,2’-bipyridines,[27g] as well as 2,2’:6’,2’’-
terpyridine (see Scheme S2 in the Supporting Informa-
tion).[27h] In addition, the activation of C�H bonds has been
invoked to explain the formation of Ar�H, and mononu-
clear species was isolated in a process of thermal rearrange-
ment of (Ar)2Pt ACHTUNGTRENNUNG(bpy) complexes.[17] Notice that most work
in this field was focused on the reactivity of the noble metal
ions with derivatives of 2,2’-bpy: IrIII,[27a–c] PtII,[17,27d–i]


PdII,[27j,k] and AuIII.[27l] Furthermore, the behaviors of the
above ligands are not easily predicable, especially in the
case of PdII ions, the reactions often are driven toward unex-
pected results, although the related results, in the case of PtII


ions, have been summarized in detail.[27g] Surprisingly, no ex-
ample of cyclometalated N,C species has been described in
the 2,2’-bpy-based low-priced CuII complexes. Recently, it
has been found that the CuII cations play a very important
role in the following reactions under hydrothermal condi-
tions, such as rearrangement reactions,[28a] oxidative hydrox-
ylation of aromatic rings,[28b,c] dehydrogenative coupling of
carbon–carbon bonds,[28d] cycloaddition of organic nitriles
with azide or ammonia,[28e] transformation of inorganic, and
organic sulfur,[28f,g] decarboxylation of carboxylic acids,[28h]


hydrolysis of cyanopyridine,[28i] etc (Scheme S3 in the Sup-
porting Information). Here the rollover metalation of 2,2’-
bpy in the presence of CuII ions has been discovered.


From the viewpoint of topology, if the {[Cu ACHTUNGTRENNUNG(bdyl)]2ACHTUNGTRENNUNG{Cu8-
ACHTUNGTRENNUNG(Ge W9O34)2}} units are considered as four-connected nodes,
the 2D structure possesses a 2D (4,4)-network topology
(Figure 4f), which not only enriches topological types of
POMs, but also provides the guidance for development of
coordination network and discovery of novel topologies in
POM chemistry. Additionally, the perpendicular distances
between pyridyl rings of [Cu2ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2]


4+ cations
and pyridyl rings of [Cu2 ACHTUNGTRENNUNG(bdyl)]2+ bridges are �4.1 S, indi-
cating the presence of weak p–p interactions. Taking into
account such weak p–p interactions, the 2D structure of 5 is
extended to the 3D supramolecular architecture (Figure 4g).


Structure of [CuI
ACHTUNGTRENNUNG(2,2’-bpy)ACHTUNGTRENNUNG(4,4’-bpy)]2ACHTUNGTRENNUNG{[CuI


2 ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-
bpy)]2[CuI


2CuII
6 ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)2(B-a-GeW9O34)2]}


·2H2O (6): Unlike compounds 1–5, compound 6 crystallizes
in the triclinic space group P1̄. The molecular structure of 6
contains a mixed-valent octa-Cu sandwiched dimer
[CuI


2CuII
6 ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)2(B-a-GeW9O34)2]


14� (6a), two
supporting di-CuI coordination cations [CuI


2 ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-
bpy)]2+ , two free mononuclear CuI cations [CuI


ACHTUNGTRENNUNG(2,2’-bpy)-
ACHTUNGTRENNUNG(4,4’-bpy)]+ and two lattice water molecules (Figure 5a).
The dimer 6a is built by two trivacant Keggin B-a-GeW9
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moieties linked by a novel octa-Cu {[CuI
2CuII


2 ACHTUNGTRENNUNG(2,2’-bpy)2-
ACHTUNGTRENNUNG(4,4’-bpy)2]CuII


4O14} (6b) cluster. The connection motif of
two B-a-GeW9 moieties and 6b is analogous to those in 1–5.
An interesting structural characteristic is that the linking
mode of 6b is quite different from those in 1–5, although
eight copper centers in 1–6 are all distributed in the fashion
of 3:2:3. The unprecedented 6b (Figure 1s, Figure 5b) is
composed of two CuIIO6 (two Cu4) octahedra [Cu�O:
1.928(8)–2.443(12) S], two CuIIO5 (two Cu2) square pyra-
mids [Cu�O: 1.939(7)–2.260(7) S], two CuIIO3N2 (two Cu1)
square pyramids [Cu�O: 1.947(7)–2.344(8) S and Cu�N:
2.002(7)–2.011(7) S] and two CuIO3N (two Cu3) tetrahedra
[Cu�O: 2.083(8)–2.250(8) S and Cu�N: 1.941(7) S], which
are connected in the edge-shared fashion, whereas the octa-
Cu {[CuII(L)]4CuII


4O14ACHTUNGTRENNUNG(H2O)2} clusters (L=en/dap) in 1–4
are built by four CuIIO6 octahedra and four CuIIO3N2 square
pyramids, which are also combined together in the edge-


shared fashion. Similarly, the mixed-valent 6a can be also
viewed as another derivative of the tetra-Cu sandwiched
unit [CuII


4ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]
12�.[7d] Under the condition


of removal of two coordinated water molecules, 6b can be
also considered that two five-coordinate [CuII


ACHTUNGTRENNUNG(2,2’-bpy)]2+


cations and two four-coordinate [CuI
ACHTUNGTRENNUNG(4,4’-bpy)]+ cations di-


agonally graft to the four corners of the rhombic {CuII
4O14}


unit through twelve oxygen atoms from the lacunae of two
B-a-GeW9 fragments.


Another remarkable structural characteristic is that two
di-CuI coordination cations [CuI


2ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)]2+


symmetrically link to 6b through two 4,4’-bpy bridges, gen-
erating an unprecedented hybrid inorganic–organic dodeca-
Cu cluster (Figure 5b) that can not be found in coordination
chemistry stored in the Cambridge Crystallographic Data
Center (CCDC). In [CuI


2ACHTUNGTRENNUNG(2,2’-bpy)2 ACHTUNGTRENNUNG(4,4’-bpy)]2+ group, two
CuI (Cu5, Cu6) cations are unique and both have different
coordination configurations. One (Cu5) is four-coordinate
CuIN4 tetrahedral geometry defined by two N atoms from
one 2,2’-bpy and two N atoms from two 4,4’-bpy with Cu�N
distances of 2.020(9)–2.064(9) S, the other (Cu6) is tri-coor-
dinate CuIN3 trigonal configuration constituted by two N
atoms from one 2,2’-bpy and one N atoms from one 4,4’-bpy
with Cu�N distances of 1.927(9)–2.070(13) S. In addition,
two [CuI


ACHTUNGTRENNUNG(2,2’-bpy)ACHTUNGTRENNUNG(4,4’-bpy)]+ groups adopt tri-coordinate
CuIN3 trigonal geometry built by two N atoms from one
2,2’-bpy and one N atom from one 4,4’-bpy with Cu�N dis-
tances of 1.896(11)–2.016(12) S. Notably, although there are
some reports on trigonal coordinate CuI complexes with cya-
nide ligands[29] or other mixed ligands in which the L-Cu-L
angles are nearly 1208,[30] such trigonal coordination mode
of CuI ions is rather rare in POM chemistry.[31] Additionally,
the tri-coordinate T-shaped geometry of CuI ions was also
observed.[32] Notice that there are seven unique Cu ions in
6 : three are +2 (Cu1, Cu2, and Cu4), and the rest are +1
(Cu3, Cu5, Cu6, and Cu7) that further confirmed by the
bond valence sum (BVS) calculations.[26,33] The BVS values
of Cu1–Cu7 are 2.09, 2.08, 1.06, 2.13, 1.17, 1.01, and 1.08, re-
spectively, which are in good agreement with their coordina-
tion geometries. As no CuI ions were used in making 6, the
CuI ions must result from the reduction of CuII ions. It is a
common phenomenon that the high oxidation state metals
are reduced by bipyridine under hydrothermal condi-
tions.[16c,30,31] For example, Wang et al. made a mixed-valent
hybrid inorganic–organic POM, [CuI


3Cl ACHTUNGTRENNUNG(4,4’-bpy)4]-
ACHTUNGTRENNUNG[CuII(1,10-phen)2Mo8O26], in which 4,4’-bpy not only worked
as a rigid ligand, but also a reducing agent.[16c]


In addition, provided that the weak C-H···O hydrogen
bonding interactions between carbon atoms of bpy ligands
and O atoms of B-a-GeW9 units (C-H···O: 2.975(13)–
3.44(2) S) are considered, thus, the 3D supramolecular ar-
chitecture of 6 comes into being. Such weak C-H···O inter-
actions were also observed in hybrid inorganic–organic
POMs.[34] For instance, GutiQrrez-Zorrilla et al used the de


Hirshfeld surface to depict C-H···O weak interactions be-
tween phenanthroline aromatic rings and POM surface O
atoms.[34a] The packing of 6 along the b-axis exhibits paral-


Figure 5. a) Ball-and-stick/polyhedral representation of the molecular
structure of 6. Hydrogen atoms and lattice water molecules are omitted
for clarity. b) The octa-Cu cluster 6b symmetrically connecting two di-
CuI coordination cations [CuI


2 ACHTUNGTRENNUNG(2,2’-bpy)2 ACHTUNGTRENNUNG(4,4’-bpy)]2+ generating an un-
precedented hybrid inorganic–organic dodeca-Cu cluster. Atoms with
“A” in their labels are symmetry-generated (A: 1�x, 1�y, 1�z). c) The
packing of 6 along the b-axis showing parallelogram channels, in which
free mononuclear CuI cations [CuI7 ACHTUNGTRENNUNG(2,2’-bpy) ACHTUNGTRENNUNG(4,4’-bpy)]+ are filled. The
[CuI7 ACHTUNGTRENNUNG(2,2’-bpy) ACHTUNGTRENNUNG(4,4’-bpy)]+ cations are highlighted in yellow. d) The verti-
cal distance between two parallel 2,2’-bpy rings is 3.5 S. e) The vertical
separation between two parallel 4,4’-bpy rings is 3.7 S.
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lelogram channels, in which [CuI7 ACHTUNGTRENNUNG(2,2’-bpy) ACHTUNGTRENNUNG(4,4’-bpy)]+ cat-
ions are filled (Figure 5c). In the channels, adjacent pyridyl
rings of [CuI7 ACHTUNGTRENNUNG(2,2’-bpy) ACHTUNGTRENNUNG(4,4’-bpy)]+ cations surround a
pseudo-square window. The vertical distance between two
parallel 2,2’-bpy/4,4’-bpy rings is 3.5/3.7 S (Figure 5d,e), in-
dicating the presence of weak p–p interactions. Therefore,
the [CuI7 ACHTUNGTRENNUNG(2,2’-bpy)ACHTUNGTRENNUNG(4,4’-bpy)]+ cations can not only act as
counteract-ions to interact with the skeletons of polyoxoan-
ions through electro-static interactions, but also form 1D
supramolecular chain by means of weak p–p interactions.
These two types of interaction are responsible for stabilizing
the structures.


Comparing 6 with 1–5, five notable differences are ob-
served: 1) 6 is a mixed-valent POT containing CuI/CuII cat-
ions, whereas 1–5 only contain CuII cations; 2) 6 contains
two kinds of ligands of 2,2’-/4,4’-bpy, to our knowledge, the
TMSPs with mixed ligands are rare,[31,18b] 1–5 only include
one kind of ligand; 3) The octa-Cu {[CuI


2CuII
2 ACHTUNGTRENNUNG(2,2’-bpy)2-


ACHTUNGTRENNUNG(4,4’-bpy)2]CuII
4O14} cluster in 6 is stabilized by two chelat-


ing 2,2’-bpy and two mono-coordinate 4,4’-bpy, whereas the
octa-Cu {[CuII(L)]4CuII


4O14ACHTUNGTRENNUNG(H2O)2} clusters in 1–5 are stabi-
lized by four identical didentate ligands (L=en, dap, 2,2’-
bpy); 4) The {[CuI


2CuII
2ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)2]CuII


4O14} clus-
ter in 6 is built by two CuIIO6 octahedra, two CuIO3N tetra-
hedra, two CuIIO5 and two CuIIO3N2 square pyramids,
whereas all the octa-Cu {[CuII(L)]4CuII


4O14ACHTUNGTRENNUNG(H2O)2} clusters
in 1–5 are constituted by four CuIIO6 octahedra and
CuIIO3N2 square pyramids; 5) In 6, two di-CuI coordination
cations [CuI


2 ACHTUNGTRENNUNG(2,2’-bpy)2 ACHTUNGTRENNUNG(4,4’-bpy)]2+ symmetrically link to
the octa-Cu {[CuI


2CuII
2 ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)2]CuII


4O14} cluster
through two 4,4’-bpy bridges forming a novel dodeca-Cu
cluster, whereas no such phenomenon exists in 1–5.


Magnetic properties : The nonmagnetic polyoxoanion frame-
works not only guarantee an effective magnetic isolation of
in situ formed TM clusters, providing good opportunity for
investigating magnetic exchange interactions and electron
delocalization in highly symmetrical clusters, but also can
control the magnitude of magnetic couplings.[1d,11,35] Of par-
ticular interest is to probe their magnetic properties of 1–5,
because all contain a well-isolated octa-CuII cluster sand-
wiched by two nonmagnetic fragments, although their struc-
tures possess some differences. Here, the magnetic proper-
ties of 1, 4, and 5 are investigated. In order to quantitatively
describe magnetic exchange interactions within octa-CuII


clusters, all the magnetic analyses are subjected to a theoret-
ical model as shown in Figure 6a giving four exchange path-
ways within octa-CuII clusters.


The temperature dependence of magnetic susceptibility
data for 4 is shown in Figure 7 in the form of cM and cMT
versus T. The cM slowly increases from 0.01 emumol�1 at
300 K to 0.13 emumol�1 at 30 K, then exponentially to the
maximum of 1.28 emumol�1 at 2 K. The cMT of
3.25 emumol�1 K at 300 K is in good agreement with the
value expected for eight noncorrelated CuII ions (3.31 emu
mol�1 K, with g=2.1). As the temperature is lowered, the
cMT increases slowly and then reaches a maximum value of


4.08 emumol�1 K at 13 K. This behavior demonstrates domi-
nant ferromagentic interactions among magnetic centers.[36]


The sharp drop in the cMT value below apex temperature
can be attributed to antiferromagnetic interactions, which
has been proved by the theoretical simulation (vide infra).
The magnetic interactions between nearest magnetic neigh-
bors are evaluated by employing the Curie–Weiss equation
[cM =C/ ACHTUNGTRENNUNG(T�q)], which gives values of C=3.24 emumol�1 K
and q=4.49 K (Figure S3 in the Supporting Information).
The positive Weiss constant also supports dominant ferro-
magnetic interactions within CuII centers mediated by
oxygen bridges.


According to the C2 symmetry of the octa-CuII cluster in 1
and structural parameters of single-crystal structural analysis
(Figure 6b), we suppose that magnetic exchange interactions
between Cu1···Cu2, Cu2···Cu3, Cu1A···Cu2A and
Cu2A···Cu3A are equal. On this assumption, there exist
four exchange constants in the octa-CuII cluster. The vertices
with numbers 1, 2, 3, 4, 5, 6, 7, and 8 stand for Cu1, Cu2,


Figure 6. a) The magnetic exchange model used for the octa-copperII clus-
ters in 1, 4 and 5. b–d) Comparison of the Cu-O-Cu angles of the octa-
copperII clusters in 1, 4 and 5, respectively.


Figure 7. The plots of cM and cMT vs T in the temperature of 2–300 K for
1. The solid line represents the fit to experimental data.
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Cu3, Cu4A, Cu4, Cu3A, Cu2A, and Cu1A, respectively.
The interactions between Cu1···Cu2, Cu2···Cu3,
Cu3A···Cu2A, and Cu2A···Cu1A are given by the exchange
constant J1; the interactions between Cu1···Cu4A,
Cu3···Cu4, Cu4A···Cu3A, and Cu4···Cu1A are given by the
exchange constant J2 ; the interactions between Cu2···Cu4A,
Cu2···Cu4, Cu2A···Cu4A, and Cu2A···Cu4 are given by the
exchange constant J3 ; and the interaction between
Cu4···Cu4A is given by the exchange constant J4. Since
second- and third-neighbor exchange interactions between
CuII centers with significantly long distances (more than
5.5 S) in the octa-CuII cluster are very weak, enough to be
negligible, only first-neighbor exchange interactions will be
considered. The magnetic behavior of 1 is analyzed by the
MAGPACK program package[37] based on the isotropic Hei-
senberg spin Hamiltonian in Equation (1):


H ¼�2 J1ðS1S2 þ S2S3 þ S6S7 þ S7S8Þ
�2 J2ðS1S4 þ S3S5 þ S4S6 þ S5S8Þ
�2 J3ðS2S4 þ S2S5 þ S4S7 þ S5S7Þ
�2 J4S4S5


ð1Þ


Substitution of the eigenvalues of Equation (1) into the
standard Van Vleck equation yields the expression of molar
magnetic susceptibility (cc) of the octa-CuII cluster, as shown
in Equation (2):[38]


cc ¼
Ng2b2


3 kT

 f
P


Sn
TðSn


T þ 1Þð2 Sn
T þ 1Þexp½�EnkTg


f
P
ð2 Sn


T þ 1Þexp½�En=kTg ð2Þ


Here, N is the Avogadro number, k is the Boltzmann con-
stant, T is the temperature in Kelvin, and En is the spin ex-
change energy associated with a spin state Sn


T.
A molecular field approximation[39] was applied to Equa-


tion (2) to account for the intermolecular interactions (zJ’)
to produce Equation (3):


cM ¼
cc


ð1�2 zJ0c c=Ng2b2Þ ð3Þ


The best fit of the experimental data in the overall tem-
perature range is shown in Figure 7 with J1 =�4.03 cm�1,
J2 =3.80 cm�1, J3 =8.58 cm�1, J4 =0.12 cm�1, g=2.09, and
zJ’=0 cm�1. The agreement factor R, defined as
�[(cM)obs�(cM) cal]


2/�(cM)obs
2, is equal to 2.34V10�4. Simula-


tion results manifest that the contribution from the inter-
cluster magnetic interactions could be negligible since zJ’=
0 cm�1. The ferromagnetic and antiferromagnetic exchange
constants obtained by this analysis approximately conform
to the correlation between the experimental exchange con-
stants and the Cu-O-Cu bond angles that is concluded from
extensive experimental and theoretical studies performed on
the spin exchanges within [Cu2O2] units constituted by hy-
droxide[40a] and alkoxide[40b–c] bridges. It is clear from this
vast amount research that the nature and strength of the ex-
change are chiefly affected by the Cu-O-Cu bond angles


(F). The classical correlation between the exchange con-
stants and the Cu-O-Cu bond angles indicates that the com-
plexes are generally antiferromagnetic for F>988, whereas
ferromagnetic for F<988.[40d–f] The Cu-O-Cu angles vary
from 80.6 to 107.18 in 1, thus competitive ferromagnetic and
antiferromagnetic interactions are expected. The field de-
pendence of magnetization reveals that the magnetization
curve at 2 K increases with raising applied field, but its
value stays smaller than the theoretical value calculated
from the Brillouin function for eight uncoupled CuII spins
(Figure 8). Such behavior can suggest the coexistence of fer-


romagnetic interactions (J2>0, J3>0, and J4>0) and antifer-
romagnetic interactions (J1<0) in the structure. This explan-
ation is also ascertained by the fact that the maximum of
the cMT value of 4.08 emumol�1 K at 13 K is far smaller
than the theoretical expected value of 11.03 emumol�1 K
(considering g=2.1) for the ferromagnetic octa-CuII cluster
mediated by oxygen bridges. This phenomenon of coexis-
tence of ferromagnetic and antiferromagnetic exchanges be-
tween CuII centers has been observed in K7Na ACHTUNGTRENNUNG[Cu4K2-
ACHTUNGTRENNUNG(H2O)6(a-AsW9O33)2]·5.5H2O.[20]


The temperature dependence of magnetic susceptibility
data for 4 is shown in Figure 9 in the form of cM and cMT
versus T. The cMT value corresponds to 3.39 emumol�1 K at
300 K, which is in good consistence with the spin-only con-
tribution (3.38 emumol�1 K) expected for nine isolated CuII


(S=1/2) ions assuming g=2 per formula unit. Upon cooling,
the cMT product experiences a gradual rise and reaches a
maximum value of 8.52 emumol�1 K at 8 K. This behavior
indicates ferromagnetic interactions within CuII centers. A
sharp drop below the cusp temperature is observed, desig-
nating that prevalent antiferromagnetic interactions are op-
erative. The inverse magnetic susceptibility data in 2–300 K
are fitted with the Curie–Weiss equation, providing parame-
ters of C=3.35 emumol�1 K and q=12.54 K (Figure S4a in
the Supporting Information). The larger positive Weiss con-
stant (q) suggests that individual CuII spins interact stronger
ferromagnetically in the lattice.


Figure 8. The filed dependence of magnetization for 1 at 2 K.
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Since the octa-CuII cluster in 4 employs the C4 symmetry,
there are four types of Cu···Cu distances: 3.15 S
(Cu1···Cu2), 3.09 S (Cu1···Cu3), 3.16 S (Cu2···Cu3), and
2.93 S (Cu3···Cu3B) and seven types of Cu-O-Cu angles:
107.88 (Cu1-O16-Cu2), 92.28 (Cu1-O9C-Cu2), 80.38 (Cu1-
O9C-Cu3), 103.28 (Cu1-O12-Cu3), 91.78 (Cu2-O9C-Cu3),
89.68 (Cu2-O20-Cu3), and 96.58 (Cu3-O20-Cu3B). Thus, the
magnetic property of 4 can be analyzed by magnetic ex-
change model as shown in Figure 6a. The vertices with num-
bers 1, 2, 3, 4, 5, 6, 7, and 8 symbolize Cu1, Cu2, Cu1F, Cu3,
Cu3G, Cu1C, Cu2C, and Cu1G, respectively. The interac-
tions between Cu1···Cu2, Cu2···Cu1F, Cu1C···Cu2C, and
Cu2C···Cu1G are defined by the exchange constant J1; the
interactions between Cu1···Cu3, Cu1F···Cu3G, Cu1C···Cu3,
and Cu1G···Cu3G are defined by the exchange constant J2 ;
the interactions between Cu2···Cu3, Cu2···Cu3G,
Cu2C···Cu3, and Cu2C···Cu3G are defined by the exchange
constant J3 and the interaction between Cu3···Cu3G is de-
fined by the exchange constant J4. In the presence of an ex-
ternal magnetic field, the isotropic spin Hamiltonian of the
octa-CuII cluster is given in Equation (1).


Considering the paramagnetic bridging [Cu4 ACHTUNGTRENNUNG(H2O)2]
2+


ion, the paramagnetic contribution of [Cu4 ACHTUNGTRENNUNG(H2O)2]
2+ ion is


added to Equation (2), which leads to the expression of the
molar magnetic susceptibility (c) of 4 :


c ¼ cc þ
ð1=2Þð3=2ÞNg2b2


3kT
ð4Þ


Here, the second term refers to the susceptibility of a par-
amagnetic CuII contribution. To assess intercluster magnetic
interaction (zJ’), the molecular field correction is incorpo-
rated into the magnetic model. A more general computa-
tional method has been used for this system, such as MAG-
PACK program package.[37] A best fit of the experimental
data in the temperature range of 8–300 K affords magnetic
parameters of J1 =�1.28 cm�1, J2 =17.10 cm�1, J3 =


16.22 cm�1, J4 =15.34 cm�1, g=2.11, zJ’=� 0.03 cm�1 and
R=8.32 V10�3. These coupling constants confirm the exis-
tence of stronger ferromagnetic interactions within CuII cen-
ters.


The field dependence of magnetization (Figure S4b in the
Supporting Information) reveals that the magnetization
curve at 2 K increases with raising applied field, but its
value stays slightly smaller than the theoretical value calcu-
lated from the Brillouin function for uncoupled nine CuII


spins. Such phenomenon may suggest that ferromagnetic in-
teractions (J2>0, J3>0, and J4>0) coexist with antiferro-
magnetic interactions (J1<0) in the structure, which is fur-
ther consolidated by the fact that the maximum of the cMT
value of 8.52 emumol�1 K at 8 K is smaller than the theoret-
ical expected value of 13.64 emumol�1 K (g=2.1) for ferro-
magnetic octa-CuII cluster through oxygen bridges and one
isolated paramagnetic CuII ion. Notably, ferromagnetic inter-
actions within CuII centers in 4 are stronger than those in 1,
the main reason for which can be explained as follows: Al-
though both contain an octa-CuII cluster in their structures,
their structural parameters and symmetries are somewhat
different (Figure 6b,c). In 1, the B-a-GeW9 fragment impos-
es its geometry to the in situ formed octa-CuII cluster,
whereas in 4, the B-a-SiW9 fragment also imposes its geom-
etry to the in situ formed octa-CuII cluster. As we know, the
atomic radius of the Ge atom is larger than that of the Si
atom, which leads to the geometrical differences of B-a-
GeW9 and B-a-SiW9 fragments. The geometrical differences
impose to the octa-CuII cluster and further result in their
magnetic differences. The magnetic differences between 1
and 4 prove that the nonmagnetic polyoxoanion frameworks
can control the magnitude of magnetic couplings.[11,35]


Variable-temperature magnetic susceptibility for 5 was
measured in the temperature range 2–300 K at a constant
magnetic field of 10 kOe. The temperature dependence of
cM and cMT is shown in Figure 10. The value of cM slowly in-
creases from 0.02 emumol�1 at 300 K to 0.12 emumol�1 at
40 K, then exponentially to the maximum of 1.56 emumol�1


at 2 K. At 300 K, the cMT value is equal to
5.13 emumol�1 K, which is slightly larger than the spin-only
value (4.96 emumol�1 K) expected for twelve uncoupled
CuII ions assuming g=2.1. Upon cooling until 40 K, the cMT
value shows a slight decrease. Below 40 K, the cMT value
decreases rapidly with further cooling, reaching the mini-
mum of 3.13 emumol�1 K at 2 K. Such magnetic behavior is


Figure 9. The plots of cM and cMT vs T in the temperature of 2–300 K for
4. The solid line represents the fit to experimental data.


Figure 10. The plots of cM and cMT vs T in the temperature of 2–300 K
for 5. The solid line represents the fit to experimental data.
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characteristic of antiferromagnetic interactions within CuII


centers. Fit the magnetic susceptibility data between 2 and
300 K to the Curie–Weiss expression affording Curie con-
stant C=5.08 emumol�1 K and Weiss constant q=�3.29 K
(Figure S5 in the Supporting Information). The negative
Weiss constant confirms existence of antiferromagnetic in-
teractions within CuII centers.


The magnetic exchange model of the octa-CuII cluster in 5
is very similar to that in 4, the vertices with numbers 1, 2, 3,
4, 5, 6, 7, and 8 symbolize Cu1, Cu2, Cu1A, Cu3B, Cu3,
Cu1C, Cu2C, and Cu1B, respectively. The interactions be-
tween Cu1···Cu2, Cu2···Cu1A, Cu1C···Cu2C, and
Cu2C···Cu1B are defined by the exchange constant J1; ?the
interactions between Cu1···Cu3B, Cu1A···Cu3,
Cu1C···Cu3B, and Cu1B···Cu3 are defined by the exchange
constant J2 ; the interactions between Cu2···Cu3B, Cu2···Cu3,
Cu2C···Cu3B, and Cu2C···Cu3 are defined by the exchange
constant J3, and the interaction between Cu3···Cu3B is de-
fined by the exchange constant J4. In the free di-CuII com-
plex cation [CuII


2ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(2,2’-bpy)2]
4+ , the interaction be-


tween Cu5···Cu5D is defined by the exchange constant J5. In
the octa-CuII cluster of 5, four types of Cu···Cu distances are
present: 3.38 S (Cu1···Cu2), 3.28 S (Cu1···Cu3B), 3.14 S
(Cu2···Cu3B), and 3.23 S (Cu3···Cu3B) and seven types of
Cu-O-Cu angles are shown in Figure 6d. In the di-CuII com-
plex cation [CuII


2ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(2,2’-bpy)2]
4+ , the Cu5···Cu5D dis-


tance and the Cu-O-Cu bond angle are 2.90 S and 97.28, re-
spectively. The isotropic Heisenberg spin Hamiltonian of the
magnetic behavior of the octa-CuII {[CuII


ACHTUNGTRENNUNG(2,2’-bpy)]4CuII
4O14-


ACHTUNGTRENNUNG(H2O)2} cluster and the free di-CuII complex cation [CuII
2-


ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2]
4+ can be approximated by only first-


neighbor interactions given by Equation (5):


H ¼�2 J1ðS1S2 þ S2S3 þ S6S7 þ S7S8Þ
�2 J2ðS1S4 þ S3S5 þ S4S6 þ S5S8Þ
�2 J3ðS2S4 þ S2S5 þ S4S7 þ S5S7Þ
�2 J4S4S5�2 J5S9S10


ð5Þ


The pendant [Cu4 ACHTUNGTRENNUNG(bdyl)] groups are treated as paramag-
netic ions and the similar method to 4 was adopted. All cal-
culations were performed using the MAGPACK package.[37]


A good fit with this magnetic susceptibility leads to the fol-
lowing magnetic parameters: J1 =�5.15 cm�1, J2 =2.51 cm�1,
J3 =0.62 cm�1, J4 =�4.01 cm�1, J5 =6.55 cm�1, g=2.11, zJ’=
0 cm�1, and the agreement factor R=1.29V10�3, which con-
firms the overall antiferromagnetic coupling interactions in
5. Such dominance of antiferromagnetic couplings in the
polynuclear CuII complexes has been already observed.[2e,41e]


Compare 5 with 1 and 4, their magnetic differences may be
related to the variation of Cu-O-Cu bond angles (Figure 6b–
d).


Thermogravimetric analysis (TGA): The thermal stability
was investigated on the crystalline samples under air atmos-
phere for 1–3, and 5 from 30 to 800 8C. For 6, in order to
prevent the oxidation of CuI ions, its TG curve was per-
formed under nitrogen atmosphere from 30 to 1000 8C. The


thermogravimetric processes of 1–3, and 5 are very similar
and reveal two steps of slow weight loss in the range of 30–
800 8C. For 1, in the range of 30–280 8C, the weight loss of
4.31% is caused by the loss of thirteen lattice water mole-
cules (calcd 4.16%), after 280 8C, a gradual weight loss of
7.60% until 800 8C is approximately attributable to the re-
moval of four dap ligands, two coordinated water molecules
and the dehydration of four protons (calcd 6.56%). For 2,
the first weight loss of 2.63% between 30 and 178 8C is as-
signed to the release of five lattice water and two coordinat-
ed water molecules (calcd 2.31%). The second weight loss
of 6.91% between 178 and 800 8C corresponds to the remov-
al of six en ligands and the dehydration of four protons
(calcd 7.26%). For 3, the first weight loss of 3.39% from 30
to 270 8C is assigned to the release of eight lattice water and
two coordinated water molecules (calcd 3.30%), followed
by a weight loss of 6.69% approximately corresponding to
the loss of six en ligands and the dehydration of four pro-
tons from 270 to 800 8C (calcd 7.20%). For 5, in the range
30–103 8C, the first weight loss occurs (1.83%), correspond-
ing well to the release of four lattice water and two coordi-
nated water molecules (calcd 1.62%). The second weight
loss from 103 to 800 8C (18.62%) corresponds to the decom-
position of six 2,2’-bpy and two bdyl ligands and the dehy-
dration of two protons and two hydroxyl groups (calcd
19.18%). For 6, the TGA curve indicates that the weight
loss can be divided into three steps. The first weight loss is
0.75% from 40 to 104 8C, corresponding to the release of
two lattice water molecules (calcd 0.48%). The combined
weight loss of the second and third steps is 28.43% between
104 and 1000 8C, assigned to the removal of eight 2,2’-bpy
and six 4,4’-bpy ligands (calcd 28.56%).


Conclusion


In this work, we have shown that the hydrothermal reaction
of CuII, A-a-GeW9/A-a-SiW9 with didentate N-ligands (en,
dap, 2,2’-bpy) can afford a family of novel hybrid inorganic–
organic octa-CuII sandwiched POTs (1–5), realizing the as-
sembly from discrete fragments, 2D sheet to 3D frameworks
in sandwich-type TMSP chemistry. The successful syntheses
of these POTs not only further testify that the combination
of lacunary POM precursors and hydrothermal technique is
a quite effective strategy in making novel hybrid inorganic–
organic TMSPs, but also validate our consideration that the
lacunary sites of lacunary POM fragments can function as
structure-directing agents to induce larger TM oligomers, as
well as the didentate N-ligands as structure-stabilizing
agents to capture and stabilize in situ generated TM oligo-
mers to construct novel and unique POTs under hydrother-
mal conditions.[15a–c] Alternatively, a mixture of CuCl2·2H2O,
GeO2, Na2WO4·2H2O, H2SiW12O40·2H2O, 2,2’-bpy, and 4,4’-
bpy under hydrothermal conditions led to another unprece-
dented hybrid inorganic–organic mixed-valent octa-Cu sand-
wiched POT 6, however, to date, 6 can not be obtained by
the similar method to 1–5. The systematic exploration is in
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progress. To our knowledge, 1–8 represent the first family of
hybrid inorganic–organic octa-Cu sandwiched POTs in
POM chemistry. Interestingly, the rollover metalation of
2,2’-bpy in the presence of low-priced CuII cations has been
observed under hydrothermal conditions. The magnetic
properties of 1, 4, and 5 have been preliminary studied. Ex-
perimental results have proved that the bulky nonmagnetic
poly-oxoanion frameworks can control the magnitude of
magnetic couplings. On the other hand, the flexible coordi-
nation modes and obvious Jahn–Teller distortion of CuII


ions provide a significant probability of constructing high-
nuclear copper clusters, and continuous work is in progress
in our lab. In addition, in order to obtain other novel poly-
ACHTUNGTRENNUNG(TMSPs), besides trivacant Keggin POM precursors, tri-/
hexa-vacant Dawson POM precursors have also been intro-
duced to this system. We are currently working on the reac-
tivity of these POM precursors with other transition metals
or rare earth metals.


Experimental Section


The trilacunary Keggin polyoxoanion precursors K8Na2[A-a-Ge-
W9O34]·25H2O,[10d] K10[A-a-SiW9O34]·25H2O


[3f] and Na9[A-a-
PW9O34]·7H2O


[3e] were synthesized as previously described. All other
chemicals were used as purchased without purification.


Synthesis of H4 ACHTUNGTRENNUNG[CuII
8 ACHTUNGTRENNUNG(dap)4 ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]·13H2O (1): K8Na2[A-


a-GeW9O34]·25H2O (0.246 g, 0.08 mmol), CuCl2·2H2O (0.213 g,
1.25 mmol), dap (0.10 mL, 1.178 mmol) were successively dissolved in
H2O (5 mL, 278 mmol), and then K2CO3 (2m, 0.05 mL) was added (the
starting pHs 4.0). The resulting mixture was stirred for 1.5 h, sealed in a
Teflon-lined steel autoclave (20 mL), kept at 100 8C for 5 days and then
cooled to room temperature (the end pHe 3.6). Dark green prismatic
crystals were obtained by filtering, washed with distilled water and dried
in air. Yield: �40%. Elemental analysis calcd (%): C 2.56, H 1.33, N
1.99; found: C 2.74, H 1.40, N 2.03; IR(KBr pellet): 3435(vs), 3286(s),
3221(m), 2965(w), 1628(s), 1583 (m), 1458(w), 1386(w), 1193(w), 1128(w),
1060(m), 1024(m), 939(vs), 887(vs), 778(vs), 714(vs), 508(m), 452 cm�1


(m).


Synthesis of (H2en)2 ACHTUNGTRENNUNG[CuII
8(en)4 ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]·5H2O (2):


K8Na2[A-a-GeW9O34]·25H2O (0.246 g, 0.08 mmol), CuCl2·2H2O (0.213 g,
1.25 mmol), en (0.05 mL, 0.740 mmol) were successively dissolved in H2O
(5 mL, 278 mmol) (pHs 4.0). The resulting mixture was stirred for 1 hour,
sealed in a Teflon-lined steel autoclave (20 mL), kept at 100 8C for 5 days
and then cooled to room temperature (pHe 3.5). Dark green prismatic
crystals were obtained by filtering, washed with distilled water and dried
in air. Yield: �31%. Elemental analysis calcd (%): C 2.20, H 1.22, N
2.57; found: C 2.14, H 1.50, N 2.49; IR(KBr pellet): 3424(vs), 3309(s),
3229(m), 1618(s), 1578 (m), 1508(w), 1458(w), 1277(w), 1132(w), 1098(w),
1051(m), 942(vs), 878(vs), 774(vs), 710(vs), 508(m), 455 cm�1 (m).


Synthesis of [H2en]2 ACHTUNGTRENNUNG[CuII
8(en)4 ACHTUNGTRENNUNG(H2O)2(B-a-SiW9O34)2]·8H2O (3): K10[A-


a-SiW9O34]·25H2O (0.297 g, 0.097 mmol), CuCl2·2H2O (0.170 g,
0.10 mmol), en (0.05 mL, 0.740 mmol) were successively dissolved in H2O
(5 mL, 278 mmol), and then K2CO3 (2m, 0.05 mL) was added (pHs 4.4).
The resulting mixture was stirred for 1.5 h, sealed in a Teflon-lined steel
autoclave (20 mL), kept at 100 8C for 5 days and then cooled to room
temperature (pHe 3.7). Dark green prismatic crystals were obtained by
filtering, washed with distilled water and dried in air. Yield: �33%. Ele-
mental analysis calcd (%): C 2.62, H 1.32, N 3.05; found: C 2.52, H 1.44,
N 2.87; IR(KBr pellet): 3447(vs), 3310(m), 3258(w), 1599(s), 1458(w),
1394(w), 1354(w), 1277(w), 1172(w), 1100(w), 1044 (m), 1008(m), 947(s),
899(vs), 798(vs), 738(s), 706(w), 686(m), 521 cm�1 (m).


Synthesis of [CuII
ACHTUNGTRENNUNG(H2O)2]H2ACHTUNGTRENNUNG[CuII


8(en)4 ACHTUNGTRENNUNG(H2O)2(B-a-SiW9O34)2] (4): K10[A-
a-SiW9O34]·25H2O (0.246 g, 0.08 mmol), CuCl2·2H2O (0.213 g,
1.25 mmol), ethylenediamine (0.05 mL, 0.740 mmol) were successively
dissolved in H2O (5 mL, 278 mmol), and then K2CO3 (2m, 0.05 mL) was
added (pHs 4.0). The resulting mixture was stirred for 5 h, sealed in a
Teflon-lined steel autoclave (20 mL), kept at 100 8C for 5 days and then
cooled to room temperature (pHe 3.3). Dark green octahedral crystals
were obtained by filtering, washed with distilled water and dried in air.
Yield: �23%. Elemental analysis calcd (%): C 1.80, H 0.79, N 2.10, Cu
10.71; W 61.97; found: C 1.72, H 0.94, N 2.04, Cu 10.21, W 61.38;
IR(KBr pellet): 3451(vs), 3314(m), 3242(w), 1627(s), 1583(s), 1458(w),
1361(w), 1072(s), 951(s), 883(vs), 814(s), 722(vs), 524 cm�1 (m).


Synthesis of [CuII
2 ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(2,2’-bpy)2] ACHTUNGTRENNUNG{[CuII


ACHTUNGTRENNUNG(bdyl)]2ACHTUNGTRENNUNG[CuII
8ACHTUNGTRENNUNG(2,2’-bpy)4-


ACHTUNGTRENNUNG(H2O)2(B-a-GeW9O34)2]}·4H2O (5):
Method A : K8Na2[A-a-GeW9O34]·25H2O (0.369 g, 0.12 mmol),
CuCl2·2H2O (0.085 g, 0.50 mmol), 2,2’-bpy (0.039 g, 0.25 mmol) and 4,4’-
bpy (0.078 g, 0.50 mmol) were successively dissolved in H2O (8 mL,
444 mmol), and then NaOH (2m, 0.15 mL) was added (pHs 10.1). The re-
sulting mixture was stirred for 5 h, sealed in a Teflon-lined steel autoclave
(20 mL), kept at 150 8C for 5 days and then cooled to room temperature
(pHe 7.7). Blue parallelepiped crystals were obtained by filtering, washed
with distilled water and dried in air. Yield: �43%.


Method B : A mixture of GeO2 (0.016 g, 0.15 mmol), Na2WO4·2H2O
(0.198 g, 0.60 mmol), H2SiW12O40·2H2O (0.174 g, 0.06 mmol),
CuCl2·2H2O (0.026 g, 0.15 mmol), 2,2’-bpy (0.020 g, 0.13 mmol), 4,4’-bpy
(0.010 g, 0.065 mmol) and H2O (5 mL, 278 mmol) was stirred for 1 hour,
and its pH value was adjusted to pHs 9.0 using NaOH (1m). The resulting
mixture was sealed in a Teflon-lined steel autoclave (20 mL), kept at
170 8C for 5 days and then cooled to room temperature (pHe =8.1). Blue
parallelepiped crystals were obtained by filtering, washed with distilled
water and dried in air. Yield: �30%. Elemental analysis calcd (%): C
14.35, H 1.14, N 3.35, Cu 11.39, W 49.43; found: C 14.50, H 1.24, N 3.60,
Cu 11.43, W 49.24; IR(KBr pellet): 3447(vs), 1631(m), 1603(s), 1568(w),
1497(w), 1474(w), 1447(m), 1318(w), 1252(w), 1158(w), 1106(w), 1060(w),
1034(w), 953(vs), 889(vs), 834(vs), 777(vs), 730(vs), 708(s), 490 cm�1 (m).


Synthesis of [CuI
ACHTUNGTRENNUNG(2,2’-bpy)ACHTUNGTRENNUNG(4,4’-bpy)]2ACHTUNGTRENNUNG{[CuI


2 ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)]2
[CuI


2CuII
6 ACHTUNGTRENNUNG(2,2’-bpy)2ACHTUNGTRENNUNG(4,4’-bpy)2(B-a-GeW9O34)2]}·2H2O (6): The method


is similar to the method B of 5, only the amount of H2SiW12 O40·2H2O
was decreased to 0.087 g (0.03 mmol) (pHs =9.5 and pHe =8.6). Finally,
dark polyhedral crystals were obtained. Yield: �35%. Elemental analysis
calcd (%): C 21.97, H 1.53, N 5.12; found: C 21.95, H 1.50, N 5.11;
IR(KBr pellet): 3441(vs), 1600(m), 1491(w), 1471(w), 1441(w), 1410(w),
1313(w), 1245 (w), 1172(w), 1104(w), 1016(w), 944(vs), 884(s), 854(s),
818(m), 773(vs), 730(s), 719 (s), 525(m), 495 cm�1 (m).


Physical measurements : Elemental analyses (C, H, and N) were per-
formed by using a PE 2400 II elemental analyzer. Inductively coupled
plasma (ICP) analysis was performed by means of a Jobin Yvon ultima2
spectrometer. IR spectra were obtained by means of an ABB Bomen
MB 102 spectrometer with pressed KBr pellets in the range of 4000–
400 cm�1. Thermo-gravimetric analyses (TGA) were performed by using
a Mettler TGA/SDTA851 thermal analyzer in the flowing air atmosphere
in the temperature region of 30–800 8C for 1–3, 5 and in the flowing ni-
trogen atmosphere in the temperature region of 30–1000 8C for 6 with a
heating rate of 10 8Cmin�1. Magnetic susceptibility measurements were
carried out by using a Quantum Design MPMS-5 magnetometer in the
temperature range of 2–300 K. The susceptibility data were corrected
from the diamagnetic contributions as deduced by using PascalRs constant
tables.


X-Ray crystallography : A single-crystal was mounted on a glass fiber for
indexing and intensity data were collected at 293 K on a Siemens Smart
1 K CCD for 1, Rigaku Mercury 70 CCD diffractometer for 2, 3 and 6,
and Rigaku Saturn 70 CCD diffractometer for 4 and 5 with graphite-
monochromated MoKa radiation (l=0.71073 S). Direct methods were
used to solve the structures and to locate the heavy atoms using the
SHELXTL-97 program package.[41] The remaining atoms were found
from successive full-matrix least-squares refinements on F2 and Fourier
syntheses. Routine Lorentz polarization corrections and empirical ab-
sorption correction were applied to intensity data. No hydrogen atoms
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associated with water molecules were located from the difference Fourier
map. Hydrogen atoms attached to carbon and nitrogen atoms were geo-
metrically placed. All hydrogen atoms were refined isotropically as a
riding mode using the default SHELXTL parameters. For 1, all non-H
atoms were refined anisotropically except for the free water molecules
(O3W, O4W, O6W-O10W) and two carbon atoms (C4 and C6). The C6
atom was disordered over two positions with the occupation factors of
0.6 and 0.4, respectively. For 2, all non-H atoms were refined anisotropi-
cally except for some oxygen, free water molecules and some carbon
atoms. Although the crystal quality is poor, its structure has been com-
pletely determined by X-ray diffraction. We tried many times to improve
the crystal quality, however, failed. For 3, all non-H atoms were refined
anisotropically except for the free water molecules (O2W-O5W), two ni-
trogen atoms (N5 and N6) and two carbon atoms (C3-C5). For 4, all non-
H atoms were refined anisotropically except for two free water molecules
(O2W and O3W). For 5, Cu2, C1, C3-C10, C12, N2 and N3 atoms were
also disordered over two positions. O20, O22, O1W and O2W atoms
were refined isotropically and the remaining atoms were refined aniso-
tropically. For 6, both W6 and O7 atoms were disordered over two posi-
tions with the occupation factors of 0.9 and 0.1 for W6 and W6’, and 0.65
and 0.35 for O7 and O7’, respectively. O7, O1W, C41-C43, C48, C49, C63
and C64 atoms were refined isotropically and the remaining atoms were
refined anisotropically. Crystallographic data and structure refinements
for 1–6 are summarized in Table 2. CCDC 664128 (1), 664129 (2), 664130
(3), 663471 (4), 664132 (5), and 664133 (6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Transition States
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Introduction


The aldol reaction is a powerful and general method for the
stereocontrolled construction of carbon–carbon bonds.[1]


Among the many enolate types investigated thus far, boron
enolates have proven to be particularly versatile because of
their good reactivity and excellent stereoselectivity.[2] In
recent years, we have investigated the outcome of aldol re-
actions of boron enolates generated from suitably protected
l-erythrulose derivatives such as 1 and dicyclohexylboron
chloride (Chx2BCl).[3] With this class of ketone substrates,
the latter reagent gives rise to the highly stereoselective for-


mation of syn-aldols 2 via the (Z)-enolate 1B in reactions
with achiral aldehydes RCHO (Scheme 1).[4]


Subsequent to these initial studies, we wondered whether
or not the facial bias of chiral enolate 1B would be strong
enough to overcome the inherent facial preferences of the
carbonyl group in a-chiral aldehydes (double diastereoselec-
tion).[1a–e] Therefore, we investigated the aldol reactions of
1B with a range of a-chiral aldehydes in both antipodal
forms. These aldehydes had either only carbon substituents


Abstract: Both matched and mis-
matched diastereoselection have been
observed in aldol reactions of a boron
enolate of a protected l-erythrulose
derivative with several chiral a-fluoro
and a-amino aldehydes. Strict adher-
ence to the Felkin–Anh model for the
respective transition structures does
not account satisfactorily for all the ob-


served results, as previously observed
in the case of a-oxygenated aldehydes.
In some cases, only the Cornforth
model provides a good explanation.


The factors that influence this dichoto-
my are discussed and a general mecha-
nistic model is proposed for aldol reac-
tions with a-heteroatom-substituted al-
dehydes. Additional support for the
model was obtained from density func-
tional calculations.
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Scheme 1. Aldol additions of a boron enolate of ketone 1 to achiral alde-
hydes (TBS= tert-butyldimethylsilyl ; Chx=cyclohexyl).
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(a-methyl aldehydes 3a and 3b) or else one oxygen atom
(a-alkoxy aldehydes 4a–c) bound to the a-carbon atom. The
results of these aldol reactions are summarized in
Scheme 2.[5] In all successful reactions, the enolate Re face
attacks the aldehyde carbonyl Re face.


It is generally accepted that aldehydes react with boron
enolates via cyclic, six-membered transition states (TS) of
the Zimmerman–Traxler type (Scheme 1).[1–3,6, 7] Enolate 1B


displays a marked diastereofacial preference whereby exclu-
sively its Re face attacks the Re face of the aldehyde carbon-
yl. This diastereofacial bias is attributed to the presence of a
dipolar repulsion between the C�Oenolate and the Ca


�O
bonds, which compels them to orientate in an anticoplanar
fashion (Scheme 1).[1e,8] As a result, the enolate Re face is
sterically more accessible than the Si face, the latter now be-
coming blocked by the bulky dioxolane ring.[3c] For the alde-
hyde, the R group preferentially adopts an equatorial orien-
tation in the chair-like TS. This causes its carbonyl Re face
to be more reactive in these aldol reactions. On the basis of
this reasoning, we proposed a mechanistic explanation for
the difference in behavior between a-methyl and a-oxygen-
ated aldehydes in our previous paper.[5] In addition to the
aforementioned electronic and steric factors, a no-less-im-
portant element is the avoidance of steric repulsions of the
so-called syn-pentane type between the OTBS group at the
enolate C=C bond and one substituent at the stereogenic a-
aldehyde carbon atom (Scheme 3). This feature,[1a,5,9, 10] often
present in aldol transition states involving (Z)-enolates, is
believed to be a key stereocontrol element that determines
aldehyde p-facial selectivities in many cases. For a-methyl
aldehydes 3a and 3b, the concomitant influence of all these
factors led to the proposal of transition state TS-1 for the
aldol reactions of (S)-3, and TS-2 for those of (R)-3
(Scheme 3), in either case with avoidance of syn-pentane in-
teractions. The former belongs to the Felkin–Anh (FA) type
TS,[11] even though a spatial approach at the BMrgi–Dunitz
angle implies here that the nucleophile is closer to the
methyl group than the hydrogen atom.[7,11,12] The alternative


TS-2 involves approach of a nucleophile to the carbonyl
carbon atom along a trajectory that is not anticoplanar to
the bulkiest substituent at the a-carbon atom (the CH2OP
moiety). This has been called a “non-Anh” TS.[13] However,
because both reactions take place easily under the usual


conditions, the latter features
seem to be minor factors here.


For a-oxygenated aldehydes,
however, a strict adherence to
the Felkin–Anh model does not
provide a satisfactory explana-
tion of the observed results.[5]


We thus proposed that in such
aldehydes, which contain an
electronegative oxygen atom at
the a-carbon atom, dipolar re-
pulsions in the transition states
become meaningful. Conse-
quently, Cornforth-like transi-
tion states were proposed, in
which the aldehyde C=O and
Ca
�O bonds are in an essential-


ly anticoplanar orientation (Scheme 4).[14] Indeed, such types
of transition states had already been proposed for various
carbonyl addition reactions, including aldol reactions with
cyclic transition states.[15, 16] The Cornforth TS-3, which does
not show noticeable negative features of either steric or
electronic nature, was therefore proposed for aldol reactions
of aldehydes (S)-4, in which aldols 7 are formed with good


Scheme 2. Aldol additions of enolate 1B to aldehydes (R)- and (S)-3, and (R)- and (S)-4 (Bn=benzyl; TPS=


tert-butyldiphenylsilyl).


Scheme 3. Proposed transition states for the aldol additions of enolate 1B


to aldehydes (R)- and (S)-3.
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yield and excellent stereoselectivity. Aldehydes (R)-4, how-
ever, must react through either the Felkin–Anh TS-4 of in-
trinsically higher energy than a Cornforth-type TS (higher
dipolar repulsion) or through the Cornforth TS-5, which ex-
hibits a strong syn-pentane steric interaction between the R
and OTBS groups. Both transition states therefore are
higher in energy than TS-3 and the reaction turns out to be
slow and unselective. Besides, the alternative attack of the
enolate on the aldehyde Si face does not alleviate the situa-
tion, either, because other negative factors (see above)
would then emerge.[5]


With the aim of investigating the relative importance of
dipolar versus steric or stereoelectronic factors, we have
now extended our study to the case of aldehydes containing
other heteroatoms at the a-carbon atom, more specifically
a-fluoro and a-amino aldehydes. The former have the most
electronegative atom and therefore the strongest dipolar re-
pulsion factor in the transition states.[17] The latter have a
much less electronegative atom, a feature which suggests
that steric and dipolar repulsions may be of comparable
magnitude. The results of the aldol reactions of the afore-
mentioned aldehydes with boron enolate 1B and the discus-
sion of the observed results are one main subject of the
present paper. In addition, we have performed the same
type of study on two other enolizable compounds, both
chiral and achiral, which we consider to be useful models to
give a firmer basis to our mechanistic conclusions.[18]


Results and Discussion


Aldol reactions with chiral ketone 1: For the purposes de-
scribed in the preceding section, the enantiomerically pure
aldehydes 8a–b and 9a–c (Figure 1) were prepared in both
antipodal forms according to described procedures.[19]


The aldol additions were performed under the previously
reported conditions (for experimental details, see the Sup-


porting Information).[3,5] We started with the aldol reactions
of enolate 1B with a-fluoro aldehydes (R)- and (S)-8. The re-
sults are shown in Scheme 5 and indicate that the a-fluori-


nated aldehydes react in essentially the same way as those
containing a-oxygen atoms. The reactions with aldehydes
(S)-8 were relatively rapid (total conversion in 5–6 h) and
completely diastereoselective insofar as can be detected by
NMR spectroscopic methods (d.r. >95:5). Aldols 10 were
thus formed[19] via enolate attack on the Re aldehyde car-
bonyl face. In contrast, aldehydes (R)-8 did not react with
enolate 1B. Ketone 1 was recovered unchanged, together
with decomposition products from the aldehyde.


The similarity of the results of the aldol reactions of 1
with a-oxygenated and a-fluorinated aldehydes suggests the
same type of mechanistic explanation. Dipolar repulsions
are presumably very strong here, due to the high electrone-
gativity of fluorine. Thus, the successful reaction of alde-
hydes (S)-8 to yield aldols 10 can be explained through as-
sumption of the Cornforth transition state TS-6, with mini-
mized dipolar repulsion and the absence of steric syn-pen-
tane crowding (Scheme 6). In contrast, aldehydes (R)-8 are
confronted with the choice between the Felkin–Anh TS-7,
which shows noticeable dipolar repulsion, and the Cornforth
TS-8, which shows a marked steric syn-pentane interaction.


Scheme 4. Proposed transition states for the aldol additions of enolate 1B


to aldehydes (R)- and (S)-4.


Figure 1. Chiral a-fluoro and a-amino aldehydes used in this study.


Scheme 5. Aldol additions of enolate 1B to a-fluoro aldehydes (R)- and
(S)-8.
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Both alternative transition states therefore show an in-
creased energy content, which explains the failure of the
corresponding aldol reactions. Furthermore, this indicates
that the magnitude of the syn-pentane steric factor in the
present case is comparable with, or possibly higher than, the
dipolar repulsion of the C=O/Ca


�X bonds, even in the case
of the very electronegative fluorine atom.


The results of the aldol reactions of 1 with a-amino alde-
hydes 9a–c are shown in Scheme 7. As previously observed
with a-methyl aldehydes,[5] both the S and the R enantio-
mers react with 1B and provide aldols 11 and 12, respective-
ly, with a good stereoselectivity (d.r. >95:5).


These results contrast with those of the previously dis-
cussed a-heteroatom-substituted aldehydes. Indeed, they in-
dicate that dipolar repulsions are here of a much lesser mag-
nitude. Due to the comparatively low electronegativity of


the nitrogen atom, the dipolar repulsion of the C=O and C�
N bonds is not very strong. Thus, steric syn-pentane interac-
tions are in all likelihood the dominant factor of stereocon-
trol. Accordingly, TS-9 and TS-10, both devoid of such inter-
actions (Scheme 8), are proposed to be reasonable transition
structures for the reactions of aldehydes (S)- and (R)-9, re-
spectively. Transition structure TS-9 belongs to the Corn-
forth type whereas TS-10 is clearly a Felkin–Anh TS, with
attack of the enolate on the carbonyl carbon atom taking
place in an almost antiperiplanar orientation to the C�N
bond, itself arranged in a perpendicular fashion to the car-
bonyl plane.


Aldol reactions with achiral ketone 13 : The previous aldol
reactions show the combined effects of the stereochemical
biases of either chiral component (double diastereoselec-
tion).[1c] To gain an insight into the intrinsic diastereofacial
bias of the chiral aldehydes used in this study, we investigat-
ed their aldol reactions with achiral ketone 13, a dihydrox-
yacetone derivative structurally related to 1, which also
forms a (Z)-enolate with Chx2BCl.[3d] Scheme 9 shows the
results of its reactions with aldehydes 3a, 4c, 8b, and 9b (re-
actions were performed with either enantiomer but only the
R antipode is depicted in Scheme 9). For aldehydes contain-
ing a nitrogen atom or no heteroatoms in the a position, the
reaction showed a moderate diastereoselectivity, with diaste-
reomeric ratios being about 4–5:1 (the major syn aldol is
that depicted in Scheme 9). The reaction also displayed a
similar diastereoselectivity in the case of the a-oxygenated
aldehydes. However, it was very stereoselective for a-fluori-
nated aldehydes, with only one aldol being detected (d.r.
>95:5).


These results can be explained within the same mechanis-
tic frame detailed above, in which the main factor is again
the avoidance of syn-pentane steric interactions in the tran-


Scheme 6. Proposed transition states for aldol additions of enolate 1B to
a-fluoro aldehydes (R)- and (S)-8.


Scheme 7. Aldol additions of enolate 1B to a-amino aldehydes (R)- and
(S)-9.


Scheme 8. Proposed transition states for aldol additions of enolate 1B to
a-amino aldehydes (R)- and (S)-9.
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sition states (Scheme 10). Accordingly, (R)-aldehydes with-
out a-heteroatoms react through the Felkin–Anh TS-11
(attack on the aldehyde Si face) in preference to the non-
Anh TS-12 (attack on the aldehyde Re face). Polar effects
are negligible here so that the sterically less congested TS-
11 (attack anti to the bulky CH2OP) takes over. This ex-
plains the formation of the observed major aldol 14 and the
moderate diastereoselectivity (Scheme 9).


For aldehydes containing a-heteroatoms the situation was
found to be different. In the case of (R)-a-amino aldehydes,
the choice is between the Felkin–Anh TS-13 (attack on the
aldehyde Re face) and the Cornforth TS-14 (attack on the
aldehyde Si face), both of which are devoid of syn-pentane
interactions (Scheme 10). In our mechanistic view, the major
product 16 is that formed through the Felkin–Anh TS-13 be-
cause the electronegativity of the nitrogen atom is not very
high. This reduces, therefore, the dipolar repulsion compo-
nent and makes the Cornforth TS-14 comparatively less
preferent.


With (R)-aldehydes containing a-heteroatoms of high
electronegativity (O, F), the relative energy of Cornforth
and Felkin–Anh transition states undergoes a complete re-
versal (Scheme 11). Compound 15 was the major isomer
when oxygen was the a-heteroatom, and its counterpart 17
was the only aldol formed in the case of the (R)-a-fluoro al-
dehyde. In our mechanistic model, both compounds are
formed through the Cornforth-type TS-15, which is favored
here due to the high electronegativity of O and F and the
correspondingly high dipolar repulsion factor in TS-16, most
particularly in the case of the fluorine atom (Scheme 11).


We may now conclude that the diastereofacial bias of
chiral ketone 1, although a strong and dominant factor with
many aldehyde types, is not able to overcome the intrinsic
facial bias of aldehydes containing very electronegative
atoms (O, F, and perhaps Cl) on the a-carbon atom. In such
cases, matched and mismatched situations will arise, the
latter being associated with slow and unselective reactions
(see Scheme 2 and 5).


Scheme 9. Aldol additions of enolate 13B to aldehydes (R)-3a, (R)-4c, (R)-8a and (R)-9b (major aldol depicted in each case).


Scheme 10. Proposed transition states for aldol additions of enolate 13B to aldehydes (R)-3a and (R)-9b.
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Aldol reactions with oxazolidinone 18 : In relation to the
latter issue and to complete our study, we wanted to com-
pare the strength of the stereochemical bias of our ketone 1
with that of other well-established chiral auxiliaries of wide-
spread use in aldol reactions such as, for example, Evans ox-
azolidinone 18.[1a, i, 2a] Thus, aldol reactions of a (Z)-boron
enolate of this compound (18B) were allowed to react with
(R)- and (S)-a-oxygenated and a-fluorinated aldehydes of
the type used above.[20,21] The results are shown in
Scheme 12.


Following the mechanistic concepts disclosed above, these
results may be explained as depicted in Scheme 13. It is
known that enolate 18B displays a strong bias towards at-
tacking the Si face of aldehyde carbonyl groups.[1a, i,2a]


Indeed, this is what happens with the a-oxygenated alde-
hydes (R)- and (S)-4a, as well as with the a-fluorinated al-
dehyde (R)-8b. However, the aldol reaction with (S)-8b
turns out to be so slow that decomposition of the unstable
aldehyde is the only observed result. Scheme 13 shows the
proposed transition states for these reactions. Addition of
18B to the (R)-aldehydes takes place via attack on the car-
bonyl Si face through the Cornforth TS-17, devoid of syn-
pentane interactions. This type of steric crowding would be
present, however, in the alternative Felkin–Anh TS-18,
which becomes therefore much less favorable. In the case of


Scheme 11. Proposed transition states for aldol additions of enolate 13B


to aldehydes (R)-4c and (R)-8a.


Scheme 12. Aldol additions of enolate 18B to aldehydes (R)-/(S)-4a and
(R)- and (S)-8b.


Scheme 13. Proposed transition states for aldol additions of enolate 18B to aldehydes (R)- and (S)-4a and (R)- and (S)-8b.
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the (S)-aldehydes, however, syn-pentane interaction is no-
ticeable when the reaction goes through the Cornforth TS-
20. Avoidance of this steric interaction by means of appro-
priate C�C bond rotation leads to the Felkin–Anh TS-19.
Obviously, this increases the energy of the TS because of
the higher dipolar repulsion. Nevertheless, this seems to still
be energetically feasible for the a-oxygenated aldehyde (S)-
4a, which reacts to give aldol 20 as essentially a single ste-
reoisomer. However, the a-fluorinated aldehyde (S)-8b
does not react at all, even after prolonged reaction times.
The only reasonable explanation for this is that both alter-
native transition states (TS-19 and TS-20) have now under-
gone marked increases in their energy contents; the Felkin–
Anh TS-19, apparently devoid of unfavorable steric features,
is destabilized by the high dipolar repulsion between the C=


O and C�F bonds, whereas the Cornforth TS-20 is destabi-
lized by the syn-pentane interaction between the Me and R
groups.


Quantum-mechanical calculations : In relation to the previ-
ously discussed experimental results, we wished to under-
score our mechanistic proposals with the aid of quantum-
mechanical calculations. For that purpose, and in view of the
large number of atoms involved in the aldol reactions with
our substrates, the simplified model molecules shown in


Figure 2 were studied. Erythrulose enolate 1B was replaced
by the boron (Z)-enolate 22, which contains a methyl group
instead of the bulky OTBS fragment. This change is justified
by the fact that boron aldolization reactions carried out with
an ethyl ketone very similar to 1 gave essentially the same
results as 1 itself.[4a] Furthermore, the boron cyclohexyl
groups have been replaced by methyl groups because al-
though the size of the boron ligands is important for the ste-
reochemical outcome of the enolization step,[22] it does not
exert a decisive influence on that of the aldol addition
step.[3c] Finally, the a,b-O,O-isopropylidene moiety was re-
placed by an a-methoxy group. Compounds (R)-23 and (S)-
23 were chosen as the model a-chiral aldehydes. These alde-
hydes are the same as those used by Evans and co-workers
in their theoretical calculations on boron aldol reactions
with achiral enolates.[7h]


All calculations were carried out with the Gaussian 98
suite of programs.[23] The B3LYP exchange-correlation func-
tional method[24] with the 6–31G** basis set[25] was used, as
Evans and co-workers have shown that B3LYP is a reliable
method for determining transition state structures in addi-


tions of boron enolates to aldehydes.[7h] The stationary
points were characterized by frequency calculations to
verify that minima and transition states have either zero or
one imaginary frequency. Energy values were computed at
0 8C, a temperature frequently used in these aldol reactions.


For calculations of energies, we have considered only
those transition states with chair-like geometries with the R
group of the aldehyde (RCHO) in an equatorial arrange-
ment. The obtained energies have been found to be related
to two specific dihedral angles f1 and f2, which are defined
in Figure 3.[26] The FA model is based on transition states in


which the principal stabilizing interaction is a hyperconjuga-
tive delocalization of the forming C�Nu bond (HOMO)
with the best vicinal acceptor, here the Ca


�X bond
(LUMO). This hyperconjugative interaction will be maxi-
mized when the forming C�Nu bond and the Ca


�X bond
are antiperiplanar (f1 =1808). Because the BMrgi–Dunitz
angle[12] has to be taken into account, f1 should differ from
the ideal angle of 1808 by no more than 10–208 (i.e. �160–
1708). Accordingly, f2 should not be far away from �908. In
contrast, Cornforth transition states involve minimization of
the dipolar repulsion between the C=O and Ca


�X bond.
Consequently, f1 should be less than �908 and f2 should
differ from 1808 by no more than 10–208.


The Cartesian coordinates for all atoms in the different
transition states are given in the Supporting Information.
Table 1 shows some relevant geometrical features of these
transition states. The extent of C�C bond formation in tran-
sition states can be generally assessed by determining the
distance between the reacting carbon atoms of the aldehyde
and the enol borane. In the cases under study here, the
lengths of the forming C�C bonds are mainly in the range
of 2.25–2.50 T. There are three notable exceptions in the
case of fluorinated aldehydes, in which these bonds are dis-
tinctly longer (>2.60 T), which indicates earlier transition
states (see below).[27]


Transition-state structures for addition of 22 to a-amino al-
dehydes (R)- and (S)-23a : As mentioned above, the addi-
tion of erythrulose boron enolate 1B to a-amino aldehydes
(R)- and (S)-9 exhibits good stereocontrol and only yields
aldols formed by the attack of the enolate to the Re face of
the aldehyde carbonyl (Scheme 7). As for the model reac-
tions, the calculated transition states for the addition of 22
to the Re face of aldehydes (S)-23a and (R)-23a are shown
in Figure 4 and Figure 5, respectively (in this and the follow-


Figure 2. Model molecules used in the quantum-mechanical calculations.


Figure 3. Definition of f1 and f2 dihedral angles. f1 =C1-C2-C3-X. R,
R’=H, Me.
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ing figures, the lowest-lying TS is assigned the relative
energy 0 kcalmol�1). For the addition of 22 to (S)-23a the
lowest-lying TS is the Cornforth-type TS-1A, in agreement
with our experimental observations and qualitative mecha-


nistic proposals (Scheme 7 and Scheme 8). The Felkin–Anh
(FA) TS-1B is here approximately 0.4 kcalmol�1 higher in
energy (Figure 4). The Cornforth TS-1A contains an ar-
rangement of the C=O and C�N bonds (dihedral angle f2 =


154.88) which, although not fully antiparallel, reduces the di-
polar repulsion in a marked proportion. However, the calcu-
lated f1 angle in the FA TS-1B is 139.78, much lower than
anticipated (see comments above). This deviation is due to
the existence of a syn-pentane repulsion between the eno-
late olefinic methyl and aldehyde a-methyl group (Figures 3
and 4). Rotation around the C2�C3 bond alleviates in part
this steric interaction and causes at the same time a reduc-
tion of f1.


The degree of involvement of the C�N bond in the Nu!
s*C�N hyperconjugative interaction, which is believed to sta-
bilize the FA TS-1B, can be estimated by comparing the C�
N bond lengths in the TS and in the reactant aldehyde. As a
matter of fact, the C�N bond in TS-1B has a calculated
length of 1.474 T whereas in the reactant aldehyde (S)-23a
this distance lies in the range between 1.468 T (f2=1808,
Cornforth-type conformation) and 1.476 T (f2=908, Felkin–
Anh-type conformation). This close similarity strongly sug-
gests that a Nu!s*C�N hyperconjugative interaction is
almost absent in TS-1B, this being likely related to the
rather low value of f1 (see above). Thus, this paradigmatic,
energetically favourable feature of all FA transition states is
absent here. All these features explain why the Cornforth
TS-1A is the most favourable TS in the addition of 22 to a-
amino aldehyde (S)-23a.


In the case of the addition of 22 to (R)-23a, the FA TS-
2B is now the lowest lying one, with the Cornforth TS-2A
being higher in energy by approximately +0.9 kcalmol�1.
Again, this is in line with our experimental observations and
qualitative mechanistic proposals (Scheme 7 and Scheme 8).
It is now worth noting that TS-2B has a f1 angle of �1758,
a value much more similar to that expected for a FA transi-
tion structure. However, the C�N bond length (1.481 T) is
only slightly higher than the length of the C�N bond in the
reactant aldehyde (range of values between 1.468 and
1.476 T), a circumstance which, once again, does not suggest
a sizeable Nu!s*C�N hyperconjugative interaction in the
TS. As regards the Cornforth TS-2A, it has a dihedral angle
f2=155.18, a value similar to that calculated for TS-1A.
However, TS-2A exhibits a Me–Me syn-pentane repulsion
of the aforementioned type that destabilizes it in relation to
TS-2B.


The conclusion to be drawn from these calculations is es-
sentially the same we had qualitatively derived from the ex-
perimental results with enolate 1B (Scheme 7). The electro-
negativity of the nitrogen atom is not high enough to en-
force an antiperiplanar arrangement of the aldehyde C=O
and C�N bonds in the transition states of the aldol reac-
tions. In fact, Evans and co-workers predicted by means of
theoretical calculations that the ground-state conformation
of a-amino aldehydes shows a C=O···C�N dihedral angle
(f2 in the present paper) of nearly 1508, a value very similar
to that found for the Cornforth TS-1A. However, the ener-


Table 1. Calculated dihedral angles f1 and f2, and lengths of the forming
C�C bonds of the transition states of all aldol reactions with the model
molecules from Figure 2.


Transition structure[a] f1 [8] f2 [8] C1�C2 (T)


TS-1A (C) 48.4 154.8 2.43
TS-1B (F) 139.7 �110.3 2.27


TS-2A (C) 45.7 155.1 2.33
TS-2B (F) 174.9 �77.1 2.27


TS-3A (C) 49.9 155.3 2.43
TS-3B (F) 149.7 �101.4 2.37
TS-3C (C) �57.9 �164.9 2.40
TS-3D (F) �175.0 78.1 2.35


TS-4A (C) 37.3 147.1 2.34
TS-4B (F) 173.9 �79.0 2.37
TS-4C (C) �68.2 �173.4 2.40
TS-4D (F) �158.2 99.1 2.50


TS-5A (C) 63.6 165.1 2.84
TS-5B (F) 139.2 �113.9 2.39


TS-6A (C) 68.1 170.2 2.64
TS-6B (F) 167.9 �91.0 2.74


[a] Cornforth-type transition states are labeled with C, whereas those of
the Felkin–Anh type are labeled with F. For absolute energy contents of
all transition states, see Supporting Information. Energy differences be-
tween comparable transition states are given in kcalmol�1 in Figures 4–9.


Figure 4. Transition states for the addition of 22 to (S)-23a (relative ener-
gies in kcalmol�1).


Figure 5. Transition states for the addition of 22 to (R)-23a (relative ener-
gies in kcalmol�1).
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getic cost necessary for bringing it to about 908 is not too
high (< 2 kcalmol�1).[7h] This means that either Cornforth
or FA transition states may be available with similar ease in
nucleophilic additions to a-amino aldehydes.


Transition-state structures for addition of 22 to a-oxygenat-
ed aldehydes (R)- and (S)-23b : The addition of erythrulose
enolate 1B to a-oxygenated aldehydes was found to exhibit a
high degree of stereocontrol in the reaction with (S)-a-
alkoxy aldehydes (Scheme 2). In contrast, the reaction with
(R)-a-alkoxy aldehydes provides a mixture of aldols, togeth-
er with decomposition products. These results suggest that,
in contrast to the other aldehyde types, the attack of the er-
ythrulose enolate may take place here competitively on
either face of the aldehyde carbonyl group. Therefore, we
studied here the transition states, which result from the
attack of the enolate on either the Re or the Si face of the
aldehydes.


Figure 6 shows the transition states for additions of 22 to
the Re and the Si face of aldehyde (S)-23b. From the transi-
tion states associated with attack on the Re face, the Corn-


forth TS-3A is the most favorable TS here, with the FA TS-
3B being 1.1 kcalmol�1 higher in energy. As before, this
agreed well with our experimental observations and qualita-
tive mechanistic proposals (Scheme 2 and Scheme 4). Addi-
tions to the Si face must go through markedly higher energy
barriers. Indeed, the Cornforth TS-3C and the FA TS-3D
are 2.6 and 1.3 kcalmol�1, respectively, higher in energy
than TS-3A.


From all four transition states, TS-3A shows the longest
length for the forming C�C bond (2.43 T) and is therefore


the earliest one. In addition, it does not show any syn-pen-
tane repulsion. However, f2 is 155.38, a value very similar to
that predicted for the Cornforth TS-1A with an a-amino al-
dehyde (Table 1). This somewhat low value is perhaps unex-
pected for an a-oxygenated aldehyde, which contains the
more electronegative oxygen atom. In fact, the aforemen-
tioned calculations by Evans and co-workers[7h] predict a
value f2 of approximately 1808 for a-alkoxy aldehydes in
the ground-state conformation.[28] Moreover, and in contrast
with a-amino aldehydes, the energetic cost necessary for
bringing it to about 908 is high (>3 kcalmol�1).[7h] However,
rotation to an angle f2 �1558 is not so costly
(�0.5 kcalmol�1) and may be easily achieved. The discrep-
ancy between the anticipated antiperiplanar and the calcu-
lated arrangement may possibly be due to a steric repulsion
between the aldehyde O-methyl group and the atoms at the
stereogenic carbon center of the enolate, an interaction alle-
viated in part through C2�C3 bond rotation. As regards the
FA TS-3B, the f1 angle is 149.78, this somewhat low value
being related to the presence of a Me–Me syn-pentane inter-
action, which is the main factor responsible for its increased
energy content in comparison with TS-3A.


Quantum-mechanical calculations for the additions of 22
to the Re and Si faces of aldehyde (R)-23b (Figure 7) show
that the FA TS-4B, associated with attack on the aldehyde
Re face, has now the lowest energy content. The second-
lowest energy content TS is the Cornforth TS-4C, corre-
sponding to attack on the aldehyde Si face, which is relative-
ly destabilized by 2.3 kcalmol�1. Still higher by 2.6 kcalmol�1


is TS-4A (attack on the aldehyde Re face). Finally, the FA
TS-4D is the TS with the highest energy content (+
4.3 kcalmol�1). As a matter of fact, TS-4B shows no unfav-


Figure 6. Transition states for the addition of 22 to (S)-23b (relative ener-
gies in kcalmol�1).


Figure 7. Transition states for the addition of 22 to (R)-23b (relative ener-
gies in kcalmol�1).


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9240 – 92549248


J. A. Marco, M. Carda et al.



www.chemeurj.org





orable interactions of either electronic or steric kind. In con-
trast, TS-4A is destabilized by a syn-pentane interaction,
and perhaps also by a steric repulsion between the aldehyde
O-methyl group and the atoms at the stereogenic carbon
atom of the enolate. The latter feature is suggested by the
low value of the dihedral f2 angle C=O···C�O (147.18).


The aforementioned calculations would lead to the pre-
diction that (R)-a-alkoxy aldehydes react through a Felkin–
Anh TS to yield mainly one diastereoisomer, different from
that obtained with the S aldehydes. Indeed, this happens
with Evans chiral enolate 18B (Scheme 12) but not when
enolate 1B is used (Scheme 2), as we only observed a slow
and non-selective reaction. This result would suggest the ex-
istence of several competitive transition states (Scheme 4).
However, whether the discrepancy results from the inade-
quacy of our model reaction or from the calculation level
used here is not clear.[29]


Transition-state structures for addition of 22 to a-fluoro al-
dehydes (R)- and (S)-23c : The lowest energy TS in the addi-
tion of 22 to aldehyde (S)-23c is the Cornforth TS-5 A
(Figure 8). Here, the dihedral C=O···C�F angle f2=165.18,


a value very close to that calculated by Evans and co-work-
ers (1668) for the reaction of 23c with a simple achiral enol-
borane. This indicates that the dipolar repulsion component
is markedly reduced in this TS. This is a particularly relevant
feature because the same group has shown that there is a
high energetic cost (ca. 3.5 kcalmol�1) for bringing the C=


O···C�F dihedral angle in 2-fluoropropanal from its ground-
state value of nearly 1808 to about 908.[7h] In the case of the
aforementioned aldol reaction, this means that the stereo-
electronic advantage associated with FA transition states
(C�F perpendicular to C=O) is not able to compensate the
energetic penalty of the necessary conformational change. It
is also worth mentioning that the length of the forming C�C
bond in TS-5A (2.84 T) is markedly higher than in all other
transition states, a feature which indicates that this TS is
very early. In all likelihood, this is related to the high elec-
trophilicity of the carbonyl group in a-fluoro aldehydes, due
in turn to the high electronegativity of the fluorine atom. In
fact, an inspection of the bond angles around the boron
atom (see Supporting Information) reveals a distinct pyra-


midalization of this atom in the TS. In addition to the afore-
mentioned features, TS-5A does not exhibit unfavorable
syn-pentane repulsions and is thus by far the preferred TS.
This is in complete agreement with our experimental obser-
vations and qualitative mechanistic proposals (Scheme 5 and
Scheme 6).


Aside from the unfavorable dipolar repulsion factor dis-
cussed above, the FA TS-5B shows in addition a Me–Me
syn-pentane interaction. This explains why this TS turns out
to be higher in energy than TS-5A by the appreciable
amount of 2.3 kcalmol�1 (Figure 8).


In contrast to (S)-a-fluoro aldehydes 8, the R enantiomers
do not react with erythrulose enolate 1B at all (Scheme 5).
When applied to model aldehyde (R)-23c, our theoretical
calculations predict that the Cornforth TS-6A and the FA
TS-6B have approximately the same energy content
(Figure 9). Indeed, TS-6A exhibits a destabilizing syn-pen-


tane interaction that overcomes even the favorable factor of
a Cornforth-type conformation (f2=170.28). As regards TS-
6B, it adopts a FA conformation (f1=167.98) but the struc-
ture is destabilized here by a strong C=O/C�F dipolar repul-
sion, which causes it to have more or less the same energy
content as TS-6A. This alone does not explain the observed
absence of reactivity but it is worth noting that, if we com-
pare the absolute energy contents of TS-6A or TS-6B with
that of TS-5A (see Supporting Information), we observe
that TS-6A and TS-6B are destabilized by approximately
2.8 kcalmol�1 relative to TS-5A. This fact may explain the
lack of reactivity of (R)-a-fluoro aldehydes in this reaction
because the reactions must traverse high energy barriers in
any case. Again, this agrees very well with our qualitative
mechanistic proposals (Scheme 5 and 6). It is also worth
noting here that the same behavior is observed with Evans
chiral enolate 18B, which reacts very well with a-fluoro alde-
hydes of one configuration (R in this case) but not at all
with the S antipodes (Scheme 12).


Figure 8. Transition states for the addition of 22 to (S)-23c (relative ener-
gies in kcalmol�1).


Figure 9. Transition states for the addition of 22 to (R)-23c (relative ener-
gies in kcalmol�1).
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Conclusion


The doubly diastereoselective aldol reactions of a (Z)-boron
enolate of chiral ketone 1 with a-chiral aldehydes have been
investigated from the experimental point of view. As in the
recent disclosure on achiral enolates by Evans and co-work-
ers,[7h] cyclic transition states of the Zimmerman–Traxler
type have been assumed with no chelation issues involved.
Relying upon the experimental findings with this and other
enolizable compounds, and on the theoretical calculations
on model reactions, we have summarized the results of the
aforementioned reactions within a unified general concept
in which several factors must be taken into account. These
factors are:


1) Syn-pentane steric repulsions between the OTBS group
on the enolate and one aldehyde non-hydrogen a-sub-
stituent are energetically important interactions that
must be avoided through appropriate C�C bond rota-
tion.


2) For aldehydes a-substituted with very electronegative
heteroatoms (F, O), Cornforth-type dipolar repulsions
during the TS are energetically more important than the
stereoelectronic advantage associated with the Felkin–
Anh conformation. Thus, the shapes of the transition
states are likely dictated by ground-state conformational
factors of the aldehydes, where such dipolar repulsions
are of paramount importance.


3) For aldehydes containing less electronegative a-heteroa-
toms (N), either Felkin–Anh or Cornforth transition
states may dominate according to the particular situa-
tion. For those containing only carbon a-substituents, the
Felkin–Anh p-facial bias is not very strong, and the ste-
reocontrol is mostly exerted by the chiral enolate. Again,
the stereochemical course is dictated here by the need to
avoid syn-pentane steric repulsions.


In the cases under study in the present paper with ketone
1 as the enol-forming compound, factor 1) can be consid-
ered dominant in general terms and determines the reaction
course for aldehydes containing nitrogen or only-carbon a-
substituents, with either R or S configuration. For aldehydes,
which contain a-fluorine or a-oxygen atoms, factors 1) and
2) are comparable in magnitude and one is unable to domi-
nate the other. In the case of the S enantiomers both factors
cooperate (matched pairs) and give rise to highly stereose-
lective reactions. For the R enantiomers, however, both fac-
tors counteract each other (mismatched pairs), resulting in
slow and unselective reactions.


Experimental Section


General methods : 1H and 13C NMR spectra were recorded at 500 MHz
and 125 MHz, respectively, in CDCl3 solution at 25 8C. 19F NMR spectra
were recorded at 470.25 MHz. 13C NMR signal multiplicities were deter-
mined with the DEPT pulse sequence. 13C signals are sharp singlets,


except where otherwise indicated. The non-quaternary signals were as-
signed by means of 2D HMQC experiments. Solvent signals taken as ref-
erence were 1H (d=7.25) and 13C (d=77). 19F NMR d values are refer-
enced to CFCl3 (d=0) but the internal standard used was C6F6 (d=


�162.3 ppm).[30] Mass spectra were run in either the electron impact
(EIMS, 70 eV) or the fast atom bombardment mode (FABMS, m-nitro-
benzyl alcohol matrix). IR data, which were measured as films on NaCl
plates (oils) or as KBr pellets (solids), are given only when relevant func-
tions (C=O, OH) are present. Optical rotations were measured at 25 8C.
Reactions which required an inert atmosphere were carried out under
dry N2 with flame-dried glassware. Commercial reagents were used as re-
ceived. THF and Et2O were freshly distilled from sodium-benzophenone
ketyl. Dichloromethane was freshly distilled from CaH2. Tertiary amines
were freshly distilled from KOH. Unless detailed otherwise, “work-up”
means pouring the reaction mixture into satd. aqueous NH4Cl (basic re-
action media) or NaHCO3 (acid reaction media), extraction with the indi-
cated solvent, additional washing with 5% aq NaHCO3 or 5% aq HCl,
respectively, then again with brine, drying over anhydrous Na2SO4 or
MgSO4 and solvent removal under reduced pressure. This was followed
by chromatography of the residue on a silica gel column (60–200 mm)
with the indicated solvent mixture. Where solutions were filtered through
a Celite pad, the pad was additionally rinsed with the same solvent used,
and the washing solutions were incorporated into the main organic layer.


General experimental procedure for aldol additions of ketone 1 mediated
by dicyclohexyl boron chloride : Chx2BCl (neat, 395 mL, ca. 1.8 mmol)
was added under Ar by syringe to an ice-cooled solution of Et3N
(280 mL, 2 mmol) in anhydrous Et2O (5 mL). Erythrulose derivative 1
(1 mmol) was dissolved in anhydrous Et2O (5 mL) and added dropwise
by syringe to the reagent solution. The reaction mixture was then stirred
for 30 min. After dropwise addition of a solution of the appropriate alde-
hyde (freshly prepared, 4 mmol) in anhydrous ether (6 mL), the reaction
mixture was stirred at 0 8C for 6 h. Then, phosphate buffer solution (pH
7, 6 mL) and MeOH (6 mL) were added, followed by 30% aq H2O2 solu-
tion (3 mL). After stirring for 1 h at room temperature, the mixture was
worked up (extraction with Et2O). Solvent removal in vacuo and column
chromatography of the residue on silica gel (hexanes/EtOAc mixtures)
afforded the aldol addition product. Chemical yields and d.r. values are
given in the main text.


(2R,3R,4S)-5-(Benzyloxy)-2-(tert-butyldimethylsilyloxy)-1-{(S)-2,2-di-
methyl-1,3-dioxolan-4-yl)}-4-fluoro-3-hydroxypentan-1-one (10a): oil ;
[a]D=�63.3 (c=0.98 in CHCl3);


1H NMR (500 MHz, CDCl3): d=7.35–
7.25 (br m, 5H; aromatic), 5.09 (br s, 1H; H-2), 4.65 (br s, 2H;
OCH2Ph), 4.60–4.50 (partly overlapped m, 1H; H-4), 4.60 (dd, J=7,
5 Hz, 1H; H-4’), 4.36 (br t, J �10 Hz, 1H; H-3), 4.22 (dd, J=8.5, 7 Hz,
1H; H-5’a), 4.11 (dd, J=8.5, 5 Hz, 1H; H-5’b), 3.91 (ddd, 3JH,F =27.5 Hz,
J=12, 2 Hz, 1H; H-5a), 3.81 (ddd, 3JH,F =29 Hz, J=12, 5 Hz, 1H; H-5b),
2.40 (d, J=10 Hz, 1H; OH), 1.47 (s, 3H; acetonide Me), 1.39 (s, 3H; ace-
tonide Me), 0.95 (s, 9H; Me3CSi), 0.12 (s, 3H; MeSi), 0.05 ppm (s, 3H;
MeSi); 13C NMR (125 MHz, CDCl3): d=208.0 (C-1), 137.9 (aromatic Cq),
128.4 (W 2), 127.7, 127.6 (W 2) (aromatic CH), 111.2 (acetonide Cq), 91.5/
90.1 (d, 1JC,F�179 Hz, C-4), 78.6 (C-4’), 74.7 (br s, C-2), 73.6 (OCH2Ph),
69.5 (d, 2JC,F �19.2 Hz, C-5), 68.7 (d, 2JC,F �26.6 Hz, C-3), 66.7 (C-5’),
26.0 (acetonide Me), 25.7 (W 3, Me3CSi), 24.9 (acetonide Me), 18.4 (Cq-
Si), �4.7 (MeSi), �5.6 ppm (MeSi); 19F NMR (470 MHz, CDCl3): d=


�192.8 ppm (dt, J�49, 27.5 Hz); IR: ñ=3460 (br, OH), 1735 (C=O)
cm�1; HRMS (EI): m/z : calcd for C23H37FO6Si�Me: 441.2108; found:
441.2098 ([M+�Me], 2), 399 (1), 341 (7), 159 (15), 101 (22), 91 (100); ele-
mental analysis calcd (%) for C23H37FO6Si: C 60.50, H 8.17; found: C
60.68, H 8.31.


(2R,3R,4S)-2-(tert-Butyldimethylsilyloxy)-1-{(S)-2,2-dimethyl-1,3-dioxo-
lan-4-yl)}-4-fluoro-3-hydroxy-5-phenylpentan-1-one (10b): oil ; [a]D=


�75.3 (c=0.95 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.35–7.25 (br


m, 5H; aromatic), 5.09 (br s, 1H; H-2), 4.60 (dtd, 2JH,F =48 Hz, J=8.3,
2.6 Hz, 1H; H-4), 4.59 (dd, J=7.6, 5.2 Hz, 1H; H-4’), 4.21 (dd, J=9,
7.6 Hz, 1H; H-5’a), 4.12 (overlapped m, 1H; H-3), 4.11 (dd, J=9, 5.2 Hz,
1H; H-5’b), 3.30 (ddd, 2JH,F =35 Hz, J=15, 2.6 Hz, 1H; H-5a), 3.00 (ddd,
2JH,F =24.6 Hz, J=15, 8.3 Hz, 1H; H-5b), 2.50 (d, J=11 Hz, 1H; OH),
1.43 (s, 3H; acetonide Me), 1.37 (s, 3H; acetonide Me), 0.94 (s, 9H;
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Me3CSi), 0.11 (s, 3H; MeSi), 0.03 ppm (s, 3H; MeSi); 13C NMR
(125 MHz, CDCl3): d=208.1 (C-1), 137.1 (aromatic Cq), 129.5 (W 2),
128.4 (W 2), 126.6 (aromatic CH), 111.2 (acetonide Cq), 92.6/91.2 (d, 1JC,F


�178 Hz, C-4), 78.7 (C-4’), 74.7 (d, 3JC,F�2.2 Hz, C-2), 71.3 (d, 2JC,F


�26.5 Hz, C-3), 66.8 (C-5’), 38.0 (d, 2JC,F�19.7 Hz, C-5), 25.9 (acetonide
Me), 25.7 (W 3, Me3CSi), 24.9 (acetonide Me), 18.4 (Cq-Si), �4.7 (MeSi),
�5.6 ppm (MeSi); 19F NMR (470 MHz, CDCl3): d=�188.2 ppm (ddd, J
�48, �35, �24.5 Hz); IR: ñ =3550 (br, OH), 1735 (C=O) cm�1; HRMS
(EI): m/z : calcd for C22H35FO5Si�Me: 411.2003 [M+�Me]; found:
411.2010 ([M+�Me], 2), 369 (10), 311 (12), 159 (45), 129 (82), 101 (100),
91 (83); elemental analysis calcd (%) for C22H35FO5Si: C 61.94, H 8.27;
found: C 61.77, H 8.49.


(2R,3S,4S)-2-(tert-Butyldimethylsilyloxy)-4-(dibenzylamino)-1-{(S)-2,2-
dimethyl-1,3-dioxolan-4-yl)}-3-hydroxypentan-1-one (11a): oil ; [a]D=


�47.6 (c=1.88 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.45–7.20 (m,


10H, aromatic), 4.95 (br s, 1H; H-2), 4.60 (br t, J �6.5 Hz, 1H; H-4’),
4.22 (m, 1H; H-3), 4.20 (m, 2H; H-5a/5b), 3.80 (br d, J=14 Hz, 2H;
NCH2Ph), 3.63 (br d, J=14 Hz, 2H; NCH2Ph), 3.07 (quint, J �6.5 Hz,
1H; H-4), 2.40 (br s, 1H; OH), 1.49 (s, 3H; acetonide Me), 1.46 (s, 3H;
acetonide Me), 1.16 (d, J=6.5 Hz, 3H; H-5), 0.86 (s, 9H; Me3CSi), 0.03
(s, 3H; MeSi), �0.20 ppm (s, 3H; MeSi); 13C NMR (125 MHz, CDCl3):
d=207.7 (C-1), 140.2 (W 2, aromatic Cq), 128.7 (W 4), 128.2 (W 4),126.9 (W
2) (aromatic CH), 110.7 (acetonide Cq), 78.3 (C-2 or C-4’), 78.0 (C-4’ or
C-2), 72.7 (C-3), 66.3 (C-5’), 56.5 (C-4), 54.0 (W 2, NCH2Ph), 26.0 (aceto-
nide Me), 25.8 (W 3, Me3CSi), 25.0 (acetonide Me), 18.3 (Cq-Si), 9.7 (C-5),
�4.6 (MeSi), �5.4 ppm (MeSi); IR: ñ=3550 (br, OH), 1733 (C=O) cm�1;
HRMS (FAB): m/z : calcd for C30H46NO5Si: 528.3145, [M+H+]; found:
528.3147; elemental analysis calcd (%) for C30H45NO5Si: C 68.27, H 8.59;
found: C 68.47, H 8.49.


(2R,3S,4S)-2-(tert-Butyldimethylsilyloxy)-4-(dibenzylamino)-1-{(S)-2,2-
dimethyl-1,3-dioxolan-4-yl)}-3-hydroxy-5-phenylpentan-1-one (11b): oil ;
[a]D=�52.3 (c=1.04 in CHCl3);


1H NMR (500 MHz, CDCl3): d=7.35–
7.20 (br m, 15H; aromatic), 4.88 (d, J=3 Hz, 1H; H-2), 4.35–4.30 (m,
2H; H-3/H-4’), 4.15 (d, J=6.6 Hz, 2H; H-5’a/5’b), 3.82 (d, J=14.3 Hz,
2H; NCH2Ph), 3.68 (d, J=14.3 Hz, 2H; NCH2Ph), 3.22 (m, 1H; H-4),
3.12 (dd, J=14, 8.4 Hz, 1H; H-5a), 2.96 (dd, J=14, 5.7 Hz, 1H; H-5b),
2.40 (d, J=9 Hz, 1H; OH), 1.55 (s, 3H; acetonide Me), 1.46 (s, 3H; ace-
tonide Me), 0.82 (s, 9H; Me3CSi), �0.02 (s, 3H; MeSi), �0.23 ppm (s,
3H; MeSi); 13C NMR (125 MHz, CDCl3): d =207.9 (C-1), 140.6, 139.8 (W
2) (aromatic Cq), 129.8 (W 2), 128.8 (W 4), 128.2 (W 4), 128.1 (W 2), 126.8
(W 2), 125.8 (aromatic CH), 110.9 (acetonide Cq), 78.5 (C-2 or C-4’), 76.8
(C-4’ or C-2), 70.9 (C-3), 66.5 (C-5’), 61.5 (C-4), 54.1 (W 2, NCH2Ph), 32.4
(C-5), 26.2 (acetonide Me), 25.8 (W 3, Me3CSi), 24.9 (acetonide Me), 18.2
(Cq-Si), �4.8 (MeSi), �5.2 ppm (MeSi); IR: ñ =3540 (br, OH), 1733 (C=


O) cm�1; HRMS (EI): m/z : calcd for C36H49NO5Si�Me: 588.3145 [M+


�Me]; 588.3107 ([M+�Me], 1), 300 (36), 91 (100); elemental analysis
calcd (%) for C36H49NO5Si: C 71.60, H 8.18; found: C 71.45, H 8.35.


(2R,3S,4S)-2-(tert-Butyldimethylsilyloxy)-5-(tert-butyldiphenylsilyloxy)-
4-(dibenzylamino)-1-{(S)-2,2-dimethyl-1,3-dioxolan-4-yl)}-3-hydroxypen-
tan-1-one (11c): oil ; [a]D=�22.4 (c=1.34 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=7.80–7.75 (m, 4H; aromatic), 7.50–7.35 (br m,
10H; aromatic), 7.30–7.20 (m, 6H; aromatic), 5.17 (br s, 1H; H-2), 4.50
(br t, J �6.5 Hz, 1H; H-4’), 4.35 (br t, J �8.5 Hz, 1H; H-3), 4.20–4.05
(br m, 3H; H-5a/H-5’a/H-5’b), 4.00 (br d, J=14 Hz, 2H; NCH2Ph), 3.98
(overlapped m, 1H; H-5b), 3.85 (br d, J=14 Hz, 2H; NCH2Ph), 3.23 (br
td; J �6.5, 5 Hz, 1H; H-4), 2.60 (d, J=10 Hz, 1H; OH), 1.43 (s, 3H; ace-
tonide Me), 1.42 (s, 3H; acetonide Me), 1.14 (s, 9H; Me3CSi), 0.85 (s,
9H; Me3CSi), 0.04 (s, 3H; MeSi), �0.18 ppm (s, 3H; MeSi); 13C NMR
(125 MHz, CDCl3): d=207.6 (C-1), 140.1 (W 2), 135.8 (W 2), 135.7 (W 2),
133.3, 133.1 (aromatic Cq), 129.8, 129.7, 128.8 (W 4), 128.2 (W 4), 127.8 (W
2), 127.7 (W 2), 127.0 (W 2) (aromatic CH), 110.8 (acetonide Cq), 78.1 (C-
2 or C-4’), 77.0 (C-4’ or C-2), 71.7 (C-3), 66.1 (C-5’), 62.4 (C-5), 62.1 (C-
4), 55.1 (W 2, NCH2Ph), 27.0 (W 3, Me3Si), 26.0 (W 3, Me3CSi), 25.9 (aceto-
nide Me), 25.1 (acetonide Me), 19.2, 18.4 (Cq-Si), �4.3 (MeSi), �5.0 ppm
(MeSi); IR: ñ=3550 (br, OH), 1733 (C=O) cm�1; HRMS (FAB): m/z :
calcd for C46H64NO6Si2: 782.4272, [M+H+]; found: 782.4310; elemental
analysis calcd (%) for C46H63NO6Si2: C 70.64, H 8.12; found: C 70.78, H
8.01.


(2R,3S,4R)-2-(tert-Butyldimethylsilyloxy)-4-(dibenzylamino)-1-{(S)-2,2-
dimethyl-1,3-dioxolan-4-yl)}-3-hydroxypentan-1-one (12a): oil ; [a]D=


�52.7 (c=1.56 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.35–7.20 (br


m, 10H; aromatic), 4.78 (br s, 1H; H-2), 4.60 (dd, J=7.5, 5 Hz, 1H; H-
4’), 4.20 (dd, J=8.5, 5 Hz, 2H; H-5’a/OH), 4.08 (m, 2H; H-3/H-5’b), 3.87
(br d, J=13.2 Hz, 2H; NCH2Ph), 3.40 (br d, J=13.2 Hz, 2H; NCH2Ph),
3.05 (dq, J=9.5, 6.6 Hz, 1H; H-4), 1.43 (s, 3H; acetonide Me), 1.40 (s,
3H; acetonide Me), 1.12 (d, J=6.6 Hz, 3H; H-5), 0.74 (s, 9H; Me3CSi),
0.03 (s, 3H; MeSi), �0.11 ppm (s, 3H; MeSi); 13C NMR (125 MHz,
CDCl3): d=207.7 (C-1), 138.7 (W 2) (aromatic Cq), 128.9 (W 4), 128.5 (W
4), 127.3 (W 2) (aromatic CH), 110.5 (acetonide Cq), 78.6 (C-2 or C-4’),
76.1 (C-4’ or C-2), 71.6 (C-3), 66.2 (C-5’), 54.0 (C-4), 53.5 (W 2, NCH2Ph),
26.1 (acetonide Me), 25.8 (W 3, Me3CSi), 25.1 (acetonide Me), 18.3 (Cq-
Si), 8.0 (C-5), �4.3 (MeSi), �5.4 ppm (MeSi); IR: ñ=3400 (br, OH), 1738
(C=O) cm�1; HRMS (FAB): m/z : 528.3142 [M+H+]; calcd for
C30H46NO5Si, 528.3145; elemental analysis calcd (%) for C30H45NO5Si: C
68.27, H 8.59; found: C 68.41, H 8.66.


(2R,3S,4R)-2-(tert-Butyldimethylsilyloxy)-4-(dibenzylamino)-1-{(S)-2,2-
dimethyl-1,3-dioxolan-4-yl)}-3-hydroxy-5-phenylpentan-1-one (12b): oil ;
[a]D=�50.2 (c=1.5 in CHCl3);


1H NMR (500 MHz, CDCl3): d=7.45–
7.20 (br m, 15H; aromatic), 5.10 (d, J=2.5 Hz, 1H; H-2), 4.50 (br s, 1H;
OH), 4.44 (dd, J=7.5, 5 Hz, 1H; H-4’), 4.25 (dd, J=8.6, 5 Hz, 1H; H-
5’a), 4.17 (dd, J=9.5, 2.5 Hz, 1H; H-3), 4.10 (dd, J=8.6, 7.5 Hz, 1H; H-
5’b), 4.00–3.90 (br m, 2H; NCH2Ph), 3.60–3.50 (br m, 2H; NCH2Ph),
3.35 (td, J=9.5, 3.6 Hz, 1H; H-4), 3.22 (dd, J=14.3, 3.6 Hz, 1H; H-5a),
3.06 (dd, J=14.3, 9.5 Hz, 1H; H-5b), 1.52 (s, 3H; acetonide Me), 1.50 (s,
3H; acetonide Me), 0.91 (s, 9H; Me3CSi), 0.10 (s, 3H; MeSi), 0.00 ppm (s,
3H; MeSi); 13C NMR (125 MHz, CDCl3): d =207.7 (C-1), 139.9, 138.8
(br,W2) (aromatic Cq), 129.8 (W 2), 129.2 (W 4), 128.5 (W 2), 128.3 (W 4),
127.2 (W 2), 126.4 (aromatic CH), 110.5 (acetonide Cq), 78.9 (C-2 or C-
4’), 76.0 (C-4’ or C-2), 71.5 (C-3), 65.8 (C-5’), 59.8 (C-4), 53.8 (br,W2,
NCH2Ph), 34.2 (C-5), 26.2 (acetonide Me), 25.9 (W 3, Me3CSi), 25.0 (ace-
tonide Me), 18.3 (Cq-Si), �4.4 (MeSi), �5.0 ppm (MeSi); IR: ñ=3340 (br,
OH), 1736 (C=O) cm�1; HRMS (EI): m/z : calcd for C36H49NO5Si�tBu:
546.2675; found: 546.2628 ([M+�tBu], 1), 300 (71), 91 (100); elemental
analysis calcd (%) for C36H49NO5Si: C 71.60, H 8.18, found: C 71.70, H
8.32.


(2R,3S,4R)-2-(tert-Butyldimethylsilyloxy)-5-(tert-butyldiphenylsilyloxy)-
4-(dibenzylamino)-1-{(S)-2,2-dimethyl-1,3-dioxolan-4-yl)}-3-hydroxypen-
tan-1-one (12c): oil ; [a]D=�40.2 (c=1.28 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=7.80–7.75 (m, 4H; aromatic), 7.55–7.40 (m, 6H;
aromatic), 7.30–7.20 (br m, 10H; aromatic), 4.78 (br s, 1H; H-2), 4.50 (br
t, J �6 Hz, 1H; H-4’), 4.30 (br s, 1H; OH), 4.25–4.20 (m, 2H; H-3/H-
5’a), 4.14 (br d, J=11.6 Hz, 1H; H-5a), 4.10–4.00 (m, 3H; H-5’b/
NCH2Ph), 3.84 (dd, J=11.6, 6.8 Hz, 1H; H-5b), 3.77 (br d, J=13.3 Hz,
2H; NCH2Ph), 3.15 (m, 1H; H-4), 1.33 (s, 6H; 2Wacetonide Me), 1.22 (s,
9H; Me3CSi), 0.62 (s, 9H; Me3CSi), �0.06 (s, 3H; MeSi), �0.26 ppm (s,
3H; MeSi); 13C NMR (125 MHz, CDCl3): d =206.6 (C-1), 139.0 (W 2),
135.9 (W 4), 133.0, 132.8 (aromatic Cq), 130.0, 129.9, 129.1 (W 4), 128.6 (W
4), 127.9 (W 2), 127.8 (W 2), 127.2 (W 2) (aromatic CH), 110.4 (acetonide
Cq), 78.4 (C-4’), 76.0 (C-2), 67.4 (C-3), 65.5 (C-5’), 60.5 (C-5), 59.1 (C-4),
54.7 (W 2, NCH2Ph), 27.2 (W 3, Me3Si), 26.0 (acetonide Me), 25.8 (W 3,
Me3Si), 24.9 (acetonide Me), 19.2, 18.2 (Cq-Si), �4.5 (MeSi), �5.4 ppm
(MeSi); IR: ñ=3365 (br, OH), 1737 (C=O) cm�1; HRMS (FAB): m/z :
calcd for C46H64NO6Si2: 782.4272 [M+H+]; found: 782.4275; elemental
analysis calcd (%) for C46H63NO6Si2: C 70.64, H 8.12; found: C 70.51, H
8.22.


(3S,4S,5R)-1,3-Bis(tert-butyldimethylsilyloxy)-6-benzyloxy-5-fluoro-4-hy-
droxyhexan-2-one (17): oil ; [a]D=++7.8 (c=1.6 in CHCl3);


1H NMR
(500 MHz, CDCl3): d =7.35–7.25 (br m, 5H; aromatic), 4.88 (br s, 1H;
H-3), 4.62 (s, 2H; H-1a/H-1b), 4.60–4.45 (br m, 1H; H-5), 4.43 (AB
system, J=18 Hz, 2H; OCH2Ph), 4.20 (br t, J �10 Hz, 1H; H-4), 3.88
(ddd, 3JH,F =26 Hz, J=11.7, 2 Hz, 1H; H-6a), 3.78 (ddd, 3JH,F =29.5 Hz,
J=11.7, 5 Hz, 1H; H-6b), 2.50 (d, J=10 Hz, 1H; OH), 0.97 (s, 9H;
Me3CSi), 0.94 (s, 9H; Me3CSi), 0.12 (s, 3H; MeSi), 0.10 (s, 6H; MeSi),
0.09 ppm (s, 3H; MeSi); 13C NMR (125 MHz, CDCl3): d =208.7 (C-2),
137.8 (aromatic Cq), 128.3 (W 2), 127.6 (W 2), 127.5 (aromatic CH), 91.0/
89.6 (d, 1JC,F �178 Hz, C-5), 74.8 (C-3), 73.5 (OCH2Ph), 69.7/69.5 (d, 2JC,F
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�26 Hz, C-4), 69.4/69.2 (C-6, d, 2JC,F �19.5 Hz), 68.3 (C-1), 25.7 (W 6,
Me3CSi), 18.2, 18.1 (Cq-Si), �4.9 (MeSi), �5.6 (MeSi), �5.7 (MeSi),
�5.8 ppm (MeSi); 19F NMR d =�192.4 ppm (dt, J�47, �28 Hz); IR: ñ=


3460 (br, OH), 1735 (C=O) cm�1; HRMS (EI): m/z : calcd for
C25H45FO5Si2�HF: 480.2727; 480.2769 ([M+-HF], 1), 311 (30), 129 (30),
91 (100); elemental analysis calcd (%) for C25H45FO5Si2: C 59.96, H 9.06;
found: C 60.10, H 9.22.


(S)-4-Benzyl-3-{(2S,3S,4R)-4-(tert-butyldiphenylsilyloxy)-3-hydroxy-2-
methylpentanoyl}oxazolidin-2-one (19): oil ; [a]D=++36.7 (c=2.64 in
CHCl3);


1H NMR (500 MHz, CDCl3): d =7.80–7.75 (m, 4H; aromatic),
7.50–7.25 (br m, 11H; aromatic), 4.67 (m, 1H; H-4), 4.20–4.15 (m, 3H;
H-2’/H-5a/H-5b), 3.96 (m, 1H; H-3’), 3.90 (quint, apparent J �6.3 Hz,
1H; H-4’), 3.26 (dd, J=13.4, 3.3 Hz, 1H; CHPh), 3.20 (br s, 1H; OH),
2.81 (dd, J=13.4, 9.4 Hz, 1H; CHPh), 1.30 (d, J=7 Hz, 3H; H-5’ or Me-
C2’), 1.13 (d, overlapped, 3H; Me-C2’ or H-5’), 1.13 ppm (s, 9H; Me3CSi);
13C NMR (125 MHz, CDCl3): d=177.4 (C1’), 152.5 (C2), 135.9 (W 4),
135.1, 134.4, 133.3 (aromatic Cq), 129.7, 129.5, 129.4 (W 2), 128.9 (W 2),
127.6 (W 2), 127.4 (W 2), 127.3 (aromatic CH), 75.5 (C3’ or C4’), 69.9 (C4’
or C3’), 66.0 (C5), 55.0 (C4), 39.0 (C2’), 37.7 (CH2Ph), 26.9 (W 3,
Me3CSi), 19.5 (C5’ or MeC2’), 19.1 (Cq-Si), 11.6 ppm (MeC2’ or C5’); IR:
ñ=3530 (br, OH), 1787, 1678 (C=O) cm�1; HRMS (EI): m/z : calcd for
C32H39NO5Si�tBu: 488.1893; 488.1896 ([M+�tBu], 38), 311 (50), 255
(100), 199 (90), 178 (77); elemental analysis calcd (%) for C32H39NO5Si:
C 70.43, H 7.20; found: C 70.20, H 7.22.


(S)-4-Benzyl-3-{(2S,3S,4S)-4-(tert-butyldiphenylsilyloxy)-3-hydroxy-2-
methylpentanoyl}oxazolidin-2-one (20): oil ; [a]D=++14.4 (c=0.72 in
CHCl3);


1H NMR (500 MHz, CDCl3): d =7.75–7.70 (m, 4H; aromatic),
7.45–7.20 (br m, 11H; aromatic), 4.50 (m, 1H; H-4), 4.15–4.05 (m, 2H;
H-5a/H-5b), 4.00–3.85 (br m, 3H; H-2’/H-3’/H-4’), 3.25 (dd, J=13.3,
3 Hz, 1H; CHPh), 2.75 (dd, J=13.3, 9.5 Hz, 1H; CHPh), 2.70 (br d, J=


6.5 Hz, 1H; OH), 1.33 (d, J=6.7 Hz, 3H; H-5’ or Me-C2’), 1.20 (d, J=


6.2 Hz, 3H; Me-C2’ or H-5’), 1.13 ppm (s, 9H; Me3CSi); 13C NMR
(125 MHz, CDCl3): d=175.1 (C1’), 152.5 (C2), 135.7 (W 4), 135.1, 133.9,
133.0 (aromatic Cq), 129.6, 129.5, 129.2 (W 2), 128.7 (W 2), 127.6 (W 2),
127.3 (W 2), 127.1 (aromatic CH), 75.4 (C3’ or C4’), 70.9 (C4’ or C3’),
65.8 (C5), 55.0 (C4), 40.5 (C2’), 37.5 (CH2Ph), 26.9 (W 3, Me3CSi), 20.1
(C5’ or Me-C2’), 19.0 (Cq-Si), 12.7 ppm (Me-C2’ or C-5’); IR: ñ =3540 (br,
OH), 1783, 1694 (C=O) cm�1; HRMS (EI): m/z : calcd for
C32H39NO5Si�tBu: 488.1893; 488.1897 ([M+�tBu], 24), 255 (55), 199
(100), 178 (51); elemental analysis calcd (%) for C32H39NO5Si: C 70.43,
H 7.20; found: C 70.52, H 7.37.


(S)-4-Benzyl-3-{(2S,3S,4R)-4-fluoro-3-hydroxy-2-methyl-5-phenylpenta-
noyl}oxazolidin-2-one (21): oil ; [a]D =++52.2 (c=1.8 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=7.35–7.20 (br m, 10H; aromatic), 4.66 (m, 1H; H-
4), 4.62 (dtd partially overlapped by the signal at d 4.66, 2JH,F =47.5 Hz,
J=7.6, 3 Hz, 1H; H-4’), 4.20–4.15 (m, 2H; H-5a/H-5b), 4.00 (m, 2H; H-
2’/H-3’), 3.30–3.20 (m, 2H; H-5’a/CHPh), 2.98 (ddd, 3JH,F =26 Hz, J=15,
7.3 Hz, 1H; H-5’b), 2.80 (dd, J=13.5, 9.5 Hz, 1H; CHPh), 1.35 ppm (d,
J=7 Hz, 3H; Me-C2’);


13C NMR (125 MHz, CDCl3): d=177.5 (C1’),
152.6 (C2), 136.9, 135.0 (aromatic Cq), 129.8 (W 2), 129.4 (W 2), 129.0 (W
2), 128.3 (W 2), 127.5, 126.6 (aromatic CH), 93.0/91.7 (C4’, d, 1JC,F


�172.5 Hz), 71.5/71.3 (C3’, d, 2JC,F �25.3 Hz), 66.2 (C5), 55.0 (C4), 38.7
(C2’), 37.9/37.8 (C5’, d, 2JC,F�15.5 Hz), 37.8 (CH2Ph), 11.0 ppm (Me-C2’);
19F NMR d=�190.8 ppm (dt, J�47.5, �26 Hz); IR: ñ=3500 (br, OH),
1781, 1690 (C=O) cm�1; HRMS (FAB): m/z : calcd for C22H25FNO4:
386.1767 [M+H+]; found: 386.1773; elemental analysis calcd (%) for
C22H24FNO4: C 68.56, H 6.28; found: C 68.52, H 6.39.
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New Layered Rare-Earth Hydroxides with Anion-Exchange Properties
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Introduction


Layered materials have been the subject of intensive studies
in the past few decades because they usually exhibit rich in-
terlayer chemistry, which allows their electronic, magnetic,
and optical properties to be modified.[1] For example, novel
functional compounds and composites can be obtained from
layered materials through a direct ion-exchange method.[2]


Although a large variety of layered materials possessing
cation-exchange properties (such as cationic clays, metal
phosphates and phosphonates, and layered oxides) are
known, layered materials that exhibit anion-exchange prop-
erties are comparatively rare.[3] Thus far, only hydrotalcite-
type layered double hydroxides (LDHs)[4] and some layered
hydroxide (or basic) salts[5] have been found to be anion ex-
changers. The lamellar structure and the anion-exchange
properties of LDHs make them attractive for a wide variety
of technological applications, for example, as ion exchang-
ers, adsorbents, pharmaceutical stabilizers, and precursors of
catalytic materials.[1,6] With a new anion-exchangeable host,
striking progress may be anticipated.


Rare-earth compounds, due to the electronic, optical, and
chemical characteristics resulting from the 4f shell of their
ions, have been widely used in technological applications
ranging from high-performance luminescent devices to mag-
nets, catalysts, etc.[7] Their properties are sensitive to the
bonding states of the rare-earth ions and strongly depend on
the composition and structure. The synthesis of layered
rare-earth compounds with interlayer exchangeable guests
may be an effective way to control and tune their properties
for new technological applications. Among the layered rare-
earth hydroxide salts,[8] anion-exchange reactions of lantha-
num hydroxide nitrates, La(OH)2NO3, with some organic
anions (acetate, terephthalate, benzoate) were reported.[9]


However, the conditions for the exchange of the directly co-
ordinated nitrate anions were somewhat critical, that is, ex-
change only took place when the reactions were performed


Abstract: We report the synthesis of a
new series of layered hydroxides based
on rare-earth elements with a composi-
tion of RE(OH)2.5Cl0.5·0.8H2O (RE:
Eu, Tb, etc.) through the homogeneous
precipitation of RECl3·xH2O with hex-
amethylenetetramine (HMT). Rietveld
analysis combined with direct methods
revealed an orthorhombic layered
structure comprising a positively


charged layer of [RE(OH)2.5-
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at 65 8C for one week. The required severity of the condi-
tions suggested that the reactions might occur through a dis-
solution–reprecipitation mechanism, rather than a topotactic
anion exchange. It is therefore essential to synthesize new
layered rare-earth compounds with high anion exchangeabil-
ity.


Herein, we report the synthesis of new layered hydroxides
of rare-earth elements with a composition of Eu-
(OH)2.5Cl0.5·0.8H2O through homogeneous precipitation of
EuCl3·xH2O with hexamethylenetetramine (HMT) upon
heating to reflux. The layered hydroxides are typically well
crystallized as highly developed rectangular platelets of 1–
2 mm in size. Rietveld analysis combined with direct meth-
ods revealed an orthorhombic layered structure comprising
positively charged layers of [Eu8(OH)20 ACHTUNGTRENNUNG(H2O)6.4]


0.5+ and in-
terlayer Cl� ions. The interlayer Cl� ions are readily ex-
changeable for various inorganic (NO3


�, SO4
2�) and organic


(C12H25OSO3
�) ions at ambient temperature. This new com-


pound opens up the possibility to explore the unique proper-
ties of rare-earth compounds through a direct ion-exchange
process.


Results and Discussion


Synthesis and characterization of Eu(OH)2.5Cl0.5·0.8H2O :
Figure 1a shows a typical TEM image of the synthesized Eu
compound. The sample adopted a rectangular platelike mor-
phology with a thickness of about 20 nm. The platelets were
uniform in lateral size, with a length of about 2 mm and a
width of about 1 mm. The selected-area electron diffraction
(SAED) pattern taken from an individual platelet lying on a
copper grid is shown in Figure 1b. The different brightnesses
of some spots in the SAED pattern indicate the possible
presence of a superlattice structure. Specifically, the brighter
spots correspond to a fundamental cell in a pseudohexago-
nal symmetry (af=3.7 M), while the weaker ones correspond
to a rectangular supercell (as=2


ffiffiffi


3
p
af=13.1 M; bs=2af=


7.4 M). The relationship between the fundamental cell and
the supercell is schematically interpreted in Figure 1c. The
fundamental hexagonal cell might indicate a hexagonal ar-
rangement of rare-earth atoms closely related to a brucite-
like (Mg(OH)2) or LDH-like ([M2+


1�xM
3+
x(OH)2]


x+ ; M:
metal) host layer (Eu···Eu: 3.7 M). A possible occupancy
fluctuation or position deviation from the ideal brucite
structure might give rise to a rectangular supercell, contain-
ing eight Eu atoms, as deduced from the cell dimensions.


All of the reflections of the synchrotron XRD pattern can
be indexed in a single orthorhombic unit cell with lattice pa-
rameters of a=12.92(1), b=7.38(1), and c=8.71(1) M (see
Figure S1 in the Supporting Information). It is noteworthy
that the ratio of a to b is not exactly equal to


ffiffiffi


3
p


, which im-
plies that the fundamental cell is not of perfect hexagonal
symmetry as in the ideal brucite structure. The a and b
values are consistent with those determined by SAED meas-
urements, which indicates that the platelets were lying on
their {001} crystal planes and the SAED pattern was taken


along the [001] zone axis. The well-developed platelet mor-
phology should be derived from the preferred in-plane crys-
tallographic growth habit of the orthorhombic symmetry.
The sharp reflections in the XRD pattern suggest the highly
crystalline nature for the product. The prominent intensity
of basal reflections 001 and 002 in the X-ray pattern is nota-
ble and indicates a preferred orientation caused by the thin
platelet morphology.


Crystal structure of Eu(OH)2.5Cl0.5·0.8H2O : Examination of
the XRD indices suggests a systematic absence of h=2n+1
for h00 and k=2n+1 for 0k0, which indicates P21212 to be


Figure 1. a) Representative TEM image of the platelets, b) SAED pattern
of a platelet, and c) relationship between the fundamental cell and the
superlattice cell. af : axis of fundamental hexagonal cell in the real space;
as, bs : a and b axes of the superlattice cell in the real space, respectively.
Labels with asterisks are the corresponding reciprocal axes.
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a possible space group.[10] However, due to severe overlaps
of peak positions, other space-group choices such as P222
and Pmm2 cannot be completely excluded. All of these
three possible space groups were tested in a Le Bail intensi-
ty extraction, which does not require a structural model, and
the space group of P21212 was found to yield the best fitting
results. The structure was then solved in the space group of
P21212. On the basis of the chemical analysis results, the ele-
mental composition was estimated to be Eu(OH)2.41Cl0.49-
ACHTUNGTRENNUNG(CO3)0.05·0.78H2O (elemental analysis: calcd (%): Eu 66.83,
OH� 18.02, Cl� 7.64, C 0.26, H2O 6.18%; found (%): Eu
65.5, OH� 17.7, Cl� 7.5, C 0.25, H2O 6.1%). As it was deter-
mined from the electron-diffraction study that there are
eight Eu atoms in one unit cell, the formula unit was deter-
mined as Z=8, that is, Eu8(OH)19.28Cl3.92ACHTUNGTRENNUNG(CO3)0.40·6.24H2O.
To simplify the structure determination, the carbonate
charge was transformed into a hydroxy charge and then the
formula unit was taken as Eu8(OH)20Cl4·6.4H2O. A direct
method by using the program EXPO2004[11] was first ap-
plied to derive the positions of the eight Eu atoms. The
other lighter species (OH, H2O, Cl) were estimated through
an electron-density distribution analysis by employing the
maximum-entropy method (MEM)/Rietveld technique.[12] A
layered structure model was generated, as shown in Fig-
ure 2a. The RIETAN-FP[13] software was subsequently used
to refine the structure parameters. Refined fractional coor-
dinates are listed in Table 1. The three-dimensional elec-
tron-density distribution is visualized in Figure 2b, which
corresponds well with the atomic structure model. One no-
table feature is that the electron density corresponding to
the interlayer Cl� ions has a slightly distorted spherical dis-
tribution, which suggests that the Cl� ions might also be
well ordered in the gallery; this is different from other lay-
ered materials, which usually exhibit disordered interlayer
anions.[14] The full profile of the experimental, calculated,


and difference patterns is shown in Figure 2c. The final R
factors were obtained as Rwp=2.00 (S=0.5072), Rp=1.49,
RI=4.00, and RF=1.59%. The satisfactory low R factors
provide strong evidence for the validity of the structure
model.


Figure 2. a) Crystal structure for Eu(OH)2.5Cl0.5·0.8H2O projected along
the [010] and [001] directions. Eu, OH, H2O, and Cl species are repre-
sented by pink, orange, blue, and green balls, respectively. b) Three-di-
mensional electron-density distribution, where the isosurface level is
1.0 M�3. On the incisions (the spectrum form): red indicates the maxi-
mum and blue indicates the minimum. c) Full-profile Rietveld refinement
pattern. The red, green, and blue lines represent the experimental, calcu-
lated, and difference profiles, respectively. d) Local environments of the
three types of Eu site in the host layer.


Table 1. Refined structure parameters for Eu(OH)2.5Cl0.5·0.8H2O show-
ing fractional coordinates (x, y, z) and occupancies (g).[a]


Atom Site g x y z


Eu1 4c 1 0.2739(1) 0.2503(13) 0.9343(2)
Eu2 2b 1 0 0.5 0.9326(4)
Eu3 2a 1 0 0 0.9194[b]


OH1 4c 1 0.470(1) 0.266(5) 0.921(2)
OH2 4c 1 0.097(1) 0.256(12) 0.825(2)
OH3 4c 1 0.162(6) 0.441(7) 0.079(8)
OH4 4c 1 0.667(6) 0.444(7) 0.925(8)
OH5 4c 1 0.132(1) 0.733(6) 0.865(2)
H2O1 4c 1 0.206(1) 0.793(2) 0.337(2)
H2O2 2b 0.7220 0 0.5 0.647(9)
H2O3 2a 0.4780 0 0 0.625(14)
Cl 4c 1 0.1380(5) 0.2147(12) 0.4179(9)


[a] Space group: P21212 (no. 18); Unit cell parameters: a=12.9152(3),
b=7.3761(1), c=8.7016(3) M. Numbers in parentheses are standard devi-
ations. All of temperature factors (Biso) were fixed at 1.0 M2 for Eu and
2.0 M2 for other sites during refinement. At the final refinement stage,
the occupancies of the water molecules were also fixed according to the
composition determined by chemical analysis. [b] The coordinates of Eu3
are fixed at the value obtained by direct methods because the space
group P21212 (no. 18) is non-centrosymmetric.
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The refinement results revealed some important structural
features of the new layered rare-earth hydroxide. The struc-
ture consists of [Eu8(OH)20ACHTUNGTRENNUNG(H2O)6.4]


4+ cationic layers with
chloride ions residing in the gallery to compensate for the
positive charge. There are two kinds of site assignment for
the Eu cations: the first occupies 4c (0.2739, 0.2503, 0.9343)
sites with eight-coordination to seven hydroxy groups and
one water molecule; the other resides on 2a (0, 0, 0.9194) or
2b (0, 0.5, 0.9326) sites with nine-coordination to eight hy-
droxy groups and one water molecule. The three different
coordination environments are shown in Figure 2d. In all of
the coordinations, every hydroxy group is bonded to three
Eu atoms within a reasonable distance range of 2.1–2.6 M.
The H2O···Eu distances in the 8- and 9-coordination envi-
ronments are 2.39(2) and 2.56(12)/2.48(8) M, respectively.
The site assignments produce alternating rows of Eu atoms,
which form layers parallel to the ab plane. The position de-
viation of the Eu atoms from the ideal in-plane hexagonal
arrangement agrees well with the SAED study. That is, al-
though a fundamental cell of hexagonal symmetry might be
approximately acknowledged, it corrugates in the z [001] di-
rection, which results in an orthorhombic supercell. The
rare-earth host layer is similar to that previously observed in
the metal–organic framework of [RE4(OH)10 ACHTUNGTRENNUNG(H2O)4]nAn
(RE: rare-earth ions; A: intercalated organic anions 2,6-
naphthalenedisulfonate (NDS2�) and 2,6-anthraquinonedi-
sulfonate (AQDS2�)),[15] although the layers in the earlier
structure were pillared by rigid organic anions of NDS2� or
AQDS2� and were kinetically favored only by small rare-
earth ions (Dy, Ho, Yb, Lu, and Y). For the current series
containing simple inorganic anions, besides Eu(-
OH)2.5Cl0.5·0.8H2O, the synthesis can be extended to obtain
pure layered compounds of Sm, Gd, Tb, Dy, Ho, Er, and Y.
It also produces mixture of Nd(OH)2.5Cl0.5·xH2O and
Nd(OH)3 for Nd.


Unlike the di- and trivalent cation combination in the
planar LDH host layers of [M2+


1�xM
3+
x(OH)2]


x+ , there is
only a single trivalent rare-earth cationic species in the cur-
rent corrugated host layer. Furthermore, in the typical LDH
structure, all of the anions and water molecules are usually
located in the middle plane of the interlayer gallery. A hy-
drogen-bonding network develops between the interlayer
species and both neighboring octahedral layers. There are a
few exceptions in which the interlayer species might be dis-
tributed between two sublayers (deviated from the middle
plane) in such a way that none of them is able to have
direct hydrogen-bonding contact with both neighboring oc-
tahedral sheets at the same time.[16] In the present structure,
the chloride anions at the 4c position (0.1380, 0.2147,
0.4179) also form two sublayers with Cl to Eu interatomic
distances of 4.567 (8) M for the nearer host sheet and of
4.832 (8) M for the other. This implies that the Cl� ions
might only have a strong interaction with the nearer host
sheet. Another noticeable difference from LDH is that the
water molecules are directly coordinated to the Eu atoms
forming the polyhedra instead of being intercalated freely in
the gallery. Rare-earth elements generally have a strong af-


finity to oxygen atoms. Since the synthesis was done in
aqueous solution, direct coordination of water to the rare-
earth cations is assumed to be reasonable. Possibly due to
this direct-coordination relationship, the water molecule ap-
pears to be vital in stabilizing the layer structure. This is
consistent with the experimental observation that variation
in the humidity may bring dramatic phase changes to the
structure. For example, if the sample is dried too much, the
layered phase may collapse.


Photoluminescence properties of Eu(OH)2.5Cl0.5·0.8H2O :
The room-temperature excitation and emission spectra for
Eu(OH)2.5Cl0.5·0.8H2O are shown in Figure 3; the excitation


spectrum was obtained by monitoring within the 5D0–
7F2


lines (612 nm) and the emission spectrum was measured
through intra-4f6 (395 nm) direct excitation. The excitation
spectrum consists of a series of sharp lines ascribed to intra-
4f6 transitions within the Eu3+ 4f6 electronic configuration.
The emission spectrum displays typical 5D0–


7FJ (J=0–4)
transitions at 578.4, 594.6, 612.4, 649.0, and 696.8 nm, respec-
tively. Luminescence from higher excited levels such as 5D1


was not detected, a result that indicates a very efficient non-
radiative relaxation to the 5D0 level. The intensities of differ-
ent 5D0–


7FJ transitions and the splitting of these emission
peaks are usually used to probe the environment of the


Figure 3. Photoluminescence a) excitation and b) emission spectra of Eu(-
OH)2.5Cl0.5·0.8H2O at room temperature, monitored at 612 nm and
395 nm, respectively.
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Eu3+ ion because they strongly depend on the local symme-
try of the crystal field. There are two main features in the
emission spectrum. First, the hypersensitive 5D0–


7F2 transi-
tion peak at 612 nm appears to be dominant. Theoretically,
if the Eu3+ ion occupies an inversion symmetry site in the
crystal lattice, the magnetic dipole transition 5D0–


7F1


(around 590 nm) is the dominant transition; otherwise, the
electric dipole transition 5D0–


7F2 (around 610–620 nm) be-
comes dominant. The observed features in the emission
spectrum suggest that there is no inversion center in the
present structure. Second, the 5D0–


7F1 and
5D0–


7F2 emissions
split into three and two peaks, respectively; these results in-
dicate a lower symmetry of crystal field around the Eu3+


ions. The structure determination has shown that there are
two local sites available for the Eu3+ coordination, namely,
the 4c position with eight-coordination and the 2a/2b posi-
tion with nine-coordination, in local symmetry groups of C1


and C4v, respectively. Both of the two sites have a low sym-
metry with no inversion center, which is compatible with the
split transition peaks in the photoluminescence emission
spectrum.


Anion exchange of Eu(OH)2.5Cl0.5·0.8H2O : The interlayer
Cl� ions were readily exchanged with other inorganic and
organic anions at room temperature. Figure 4 shows the


XRD pattern of the as-synthesized product in comparison
with those of samples after exchange with NO3


�, SO4
2�, and


C12H25OSO3
�. The basal spacing, 8.63 M for the pristine Cl�


form, shifted to 8.32 Mnm for NO3
� and 8.94 M for SO4


2�.
For the large-organic-anion exchange (DS�), basal series
peaks corresponding to a distance of 23.6 M can be clearly
discerned. The diffraction peaks were sharp, which indicates
that the high crystallinity was maintained during the ex-
change procedures. SEM observations showed that the rec-
tangular morphology was well retained (see Figure S2 in the
Supporting Information). FTIR measurements also confirm
the nearly complete exchange of the anionic species
(Figure 5). The spectra for the 3 exchanged products have


similar vibration bands at approximately 3500, 1650, and
620 cm�1. The band at around 3500 cm�1 is attributable to
the stretching vibration of the O�H bond, n(OH), which in-
dicates the presence of hydroxy ions because of the metal–
OH layer in the crystal. The peak at around 1650 cm�1 is
due to the bending mode of the water molecules. The ab-
sorptions in the low-frequency region, below 620 cm�1, may
be ascribed to Eu�O stretching/bending vibrations. Absorp-
tion bands that can be assigned to the interlayer anion are
also observed. The sharp and strong absorption peaks in
spectrum b at 1385 cm�1 and 1410 cm�1 are assignable to the
D3h, n3 vibration mode of the NO3


� ions and the C2v, n4
asymmetric stretch of O�NO2, respectively. The bands in
spectrum c at 1093 and 1147 cm�1 are derived from the
SO4


2� ions. The strong bands in spectrum d at 2920 and
2850 cm�1 are due to the asymmetric and symmetric CH2


stretching vibrations, respectively, in the alkyl chain of dode-
cylsulfate, whereas the relatively weak band at 2958 cm�1 is
due to the stretching vibration of the terminal CH3 group of
the hydrocarbon tail ; the band occurring near 1470 cm�1 in
the spectra arises from the CH2 bending (or scissor) mode;
the series of absorbance bands in the range of 1300–
900 cm�1 are due to the stretching mode of the sulfate
(OSO3


�) ions. These assignments clearly indicate the incor-
poration of these anions. The higher anion exchangeability
of the new layered rare-earth hydroxide can be well under-
stood when we compare the structure with that of previous
hydroxy salts such as La(OH)2NO3.


[8] For La(OH)2NO3, one
oxygen atom of the interlayer nitrate anion (NO3


�) is direct-
ly coordinated to the lanthanum atoms, whereas in the cur-
rent structure, the interlayer Cl� ion acts as a counterion
and is prone to exchange by other anions.[17]


Conclusion


In conclusion, we have successfully synthesized a series of
new layered rare-earth hydroxides, which are composed of a
positively charged layer of [RE8(OH)20ACHTUNGTRENNUNG(H2O)6.4]


4+ and inter-


Figure 4. XRD patterns of the as-obtained Cl� product and those formed
after anion exchange with NO3


�, SO4
2�, and C12H25OSO3


�.


Figure 5. FTIR spectra for a) the as-prepared Cl� form and the b) NO3
�,


c) SO4
2�, and d) C12H25OSO3


� samples obtained by the anion-exchange
process.
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layer Cl� ions. Photoluminescence studies showed that the
present materials display typical RE3+ emission, which may
be of interest for optoelectronic devices. A unique property
of the new layered rare-earth hydroxides is that the interlay-
er Cl� ions were readily exchangeable for various anions
(NO3


�, SO4
�, C12H25OSO3


�, etc.); this offers advantages for
modifications with other anions. The anion-exchangeable
layered rare-earth hydroxides enrich the family of layered
hosts in one aspect and may hold great potential applica-
tions by uniting the advantages of both anion exchangers
and optically interesting hosts on the other.


Experimental Section


Synthesis : The preparation was performed in a two-neck flask equipped
with a reflux condenser under a nitrogen flow. Rare-earth chloride (RE-
Cl3·xH2O), NaCl, and HMT were dissolved in Milli-Q water (1000 mL)
at final concentrations of 5, 65, and 80 mm, respectively. The mixed solu-
tion was heated to reflux with continuous magnetic stirring and a nitro-
gen atmosphere. White streaming lines were observed in the solution
after one hour of reaction; these lines indicate the formation of crystalli-
tes in an anisotropic shape. The product was filtered, washed with water
and ethanol several times, and finally dried at room temperature with a
controlled humidity of 70%. Special attention needed to be paid during
the sample collection. If water was removed excessively (for example, by
collecting the sample at a very low humidity), the product was found to
change into an amorphous or very low crystalline phase.


Sample characterization : The morphology and dimensions of the samples
were examined by using a JEOL JSM-6700F field-emission scanning elec-
tron microscope. Transmission electron microscopy characterizations and
selected-area electron diffraction were performed on a JEOL JEM-1010
transmission electron microscope at an acceleration voltage of 100 kV.
High-resolution synchrotron powder X-ray diffraction data for structure
determination were recorded on the BL15 instrument of the Spring8 syn-
chrotron radiation facility (l=0.65297 M). XRD data of samples, for ex-
ample, anion-exchanged phases, were recorded on a Rigaku Rint-2000
diffractometer equipped with a graphite-monochromatized CuKa radia-
tion source (l=1.5405 M). The Eu content in the sample was determined
by inductively coupled plasma (ICP) atomic emission spectrophotometry
(Seiko SPS1700HVR instrument) after a weighed amount of sample was
dissolved in an aqueous HCl solution. The OH content was obtained by
neutralization back-titration after the sample had been dissolved in 0.1 n


standard H2SO4. The Cl content was quantified by the ion-electrode
method, with DKK IM-40S as the concentration meter, DKK CL-125B
as the ion electrode, and DKK RE-2 as the reference electrode. The
carbon content was measured on a LECO RC-412 analyzer. The water
content was deduced by thermogravimetry. Fourier transform infrared
spectra over a range of 400–4000 cm�1 were measured on a Varian 7000e
FTIR spectrophotometer equipped with a liquid-nitrogen-cooled MCT
detector by using the KBr pellet technique. Room-temperature excitation
and emission spectra were obtained on a Hitachi F-4500 fluorescence
spectrophotometer.


Structure determination : First, the integrated intensities were extracted
by using the Le Bail method with the Rietveld program RIETAN-2000.
In this procedure, no reference to a structure model is needed. The ex-
tracted integrated intensities were then refined and repartitioned by the
maximum-entropy Patterson program ALBA to reach more reliable
values. The structure factors obtained were introduced into the direct-


method program EXPO2004. The positions of the rare-earth atoms could
be readily derived. Those of other atoms were estimated by an electron-
density distribution analysis by the MEM/Rietveld procedures. The struc-
ture was refined by using the RIETAN-FP program. The electron-density
distribution was determined by MEM methods by using the values of F0
estimated after refinement with the PRIMA program. The density map
was examined carefully and modifications of the structure model were in-
corporated if additional peaks were found in the density map. The refine-
ment was terminated when the R factors no longer decreased appreciably
and the structure model agreed well with the density maps.


Anion-exchange reactions : A sample in the Cl� form (0.2 g) was dis-
persed into an aqueous solution (200 cm3) of 1m NaNO3, 1m Na2SO4, or
0.5m sodium dodecylsulfate (SDS, C12H25OSO3Na). The reaction vessel
was tightly capped and shaken for two days at ambient temperature.
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Strength Enhancement of Nanostructured Organogels through Inclusion of
Phthalocyanine-Containing Complementary Organogelator Structures and In
Situ Cross-Linking by Click Chemistry


David D)az D)az,*[b] Juan Jos0 Cid,[a] Purificaci1n V3zquez,[a] and Tom3s Torres*[a]


Introduction


Although gelation of liquids through the presence of small
quantities of a second component has been known for sever-
al centuries,[1] gels have recently been reborn as a new field
of supramolecular chemistry[2] because they represent a
powerful approach to the development of new materials and
devices of nanoscale dimensions with tailored functionality
such as high strength or particular electronic or optical
properties.
There are two types of gels: chemical gels,[3] which are po-


lymer gels based on chemical bonding, and physical gels,[4]


which are based on physical attractions. Systems based on
both types of connections are also known.[5] In general, a gel
is a viscoelastic solid-like (soft) material—constituting an
elastic cross-linked network—and a solvent, which is the


Abstract: Stable photoactive organo-
gels were successfully prepared by a
two-step sequence involving: 1) forma-
tion of thermoreversible organogels by
use of a combination of low-molecular-
weight organogelators (LMOGs) and
ZnII–phthalocyanine (ZnII–Pc) moieties
containing complementary organogela-
tor structures, and 2) strength enhance-
ment of the gels by in situ cross-linking
with the aid of CuI-catalysed azide–
alkyne [3+2] cycloadditions
(CuAACs). The optimum click reac-
tion was carried out between a flexible
C6 aliphatic diazide and a suitable dia-
lkyne (molar ratio 1:1) added in a low
proportion relative to the organogela-
tor system [LMOG+ZnIIPc]. The dia-
lkyne unit was incorporated into a mol-
ecule resembling the LMOGs structure
in such a way that it could also partici-
pate in the self-assembly of


[LMOG+ZnIIPc]. The significant com-
patibility of the multicomponent pho-
toactive organogels towards this
strengthening through CuAACs al-
lowed their sol-to-gel transition tem-
peratures (Tgel) to be enhanced by up
to 15 8C. The Tgel values estimated by
the “inverse flow method” were in
good agreement with the values ob-
tained by differential scanning calorim-
etry (DSC). Rheological measurements
confirmed the viscoelastic, rigid, and
brittle natures of all Pc-containing gels.
Transmission and scanning electron mi-
croscopy (TEM, SEM) and atomic
force microscopy (AFM) revealed the


fibrilar nature of the gels and the mor-
phological changes upon cross-linking
by CuAAC. Emission of a red lumines-
cence from the dry nanoscale fibrous
structure—due to the self-assembly of
the Pc-containing compounds in the or-
ganogel fibres—was directly observed
by confocal laser scanning microscopy
(CLSM). The optical properties were
studied by UV/Vis and fluorescence
spectroscopy. Fluorescence, Fourier-
transform infrared (FTIR) and circular
dichroism (CD) measurements were
also carried out to complete the physi-
cochemical characterization of selected
gels. As a proof of concept, two differ-
ent organogelators (cholesterol- and di-
amide-based LMOGs) were successful-
ly used to validate the general strategy.
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major component. A gel is usually prepared by heating a
low-molecular-mass compound in an appropriate solvent
(water for hydrogels, some organic solvent for organogels)
and cooling the resulting isotropic supersaturated solution
to room temperature.[4] When the hot solution is cooled, the
molecules start to condense, and three situations are then
possible: 1) a highly ordered aggregation giving rise to crys-
tals (i.e., crystallization), 2) a random aggregation, resulting
in an amorphous precipitate, or 3) an aggregation process
intermediate between these two, yielding a gel. The solid-
like appearance of a gel is a result of the entrapment and
adhesion of the liquid in a solid 3D matrix of large surface
area. The formation of the solid matrix is a consequence of
cross-linking of the polymeric strands of (macro)molecules
through physical or chemical forces.
Organogels based on low-molecular-mass organic gelators


(LMOGs) are formed through self-assembled fibrillar net-
works (SAFINs) through the operation of a combination of
weak noncovalent physical interactions such as H-bonding,
p–p stacking, dipole–dipole or donor–acceptor interactions,
metal coordination, solvophobic forces (hydrophobic forces
for hydrogels) and van der Waals interactions. This ends up
in arrangements of gel fibres typically of micrometer scale
lengths and nanometer scale diameters (ca. 10–100 nm).[6]


Afterwards, the entanglement of such microheterogeneous
fibrillar phases engenders complex nanoscale 3D networks,[7]


which immobilize large volume of organic liquids in their in-
terstices, typically through surface tension and capillary
forces.[8] This process prevents the flow of solvent under
gravity, and the mass appears like a solid. Organogels may
hence immobilize up to 105 liquid molecules per gelator and
increase the viscosity of the medium by a factor of 1010, with
the potential to respond to a variety of external stimuli.[9]


Since the organogel networks involve weak interactions,
they can be readily transformed into fluids (sols) by heating
and are generally thermoreversible. (Gels based on strong
chemical bonds, on the other hand, cannot be redissolved
and do not show thermoreversible gel–sol transitions.) Gela-
tors have been classified according to their driving forces for
molecular aggregation into two major categories: non-hy-
drogen-bond-based gelators and hydrogen-bond-based gela-
tors. Cholesterol derivatives[10] are typical examples of the
former group, whereas aliphatic amide and urea[10] deriva-
tives and saccharide-containing gelators[10] are the main rep-
resentatives of the latter. These “intelligent”[2] systems, de-
fining a metastable state between liquid and solid, have re-
ceived increasing attention over the last 10–15 years[4] be-
cause of their unique supramolecular architectures and po-
tential applications[11] as functional soft materials in the
fabrication of sensors,[12] liquid crystalline substances,[13] elec-
trophoretic and electrically conductive matrices,[14] biocata-
lytic vessels,[15] vehicles for drug delivery,[16] lubricating
greases[17] and oil spill recovery agents,[18] optoelectronic ma-
terials,[19] templates for cell growth or the growth of sol-gel
structures,[20] and in many other industrial fields such as cos-
metics, oils and foods.[1] Supramolecular gel-phase materials
based on LMOGs are a prime example of the way in which


bottom-up fabrication can be used for the assembly of nano-
scale architectures. In the last decade, the enhancement of
the thermostabilities of these gels has became an important
task in macromolecular science and crucial for numerous
applications.
As a part of our extensive research program directed to-


wards the synthesis, applications and supramolecular aspects
of Pcs and their derivatives,[21] we became interested in the
noncovalent inclusion of Pcs in self-assembled polymeric
supramolecular networks for study of the reciprocal effects
both on the photophysical properties of the metallophthalo-
cyanines (MPcs) and on the physicochemical properties of
the 3D organogel networks. In this regard, large fibrous net-
works made of LMOGs have been shown to provide specific
molecular environments for incorporated photoactive dye
molecules, and therefore to improve the functionality of
these smart materials.[22] Our previous contribution de-
scribed the physicochemical characterization of mesogenic
octakis ACHTUNGTRENNUNG(alkyloxy)-substituted ZnII–phthalocyanines noncova-
lently incorporated into an organogel and their remarkable
morphological effect on the nanoscaled fibres.[23] Novel,
unique fibrous organic–inorganic hybrid materials—1D ag-
gregates of inorganic materials based on electrostatic and/or
hydrogen-bonding interactions—have also been fabricated
recently.[24]


The overall objective of this work was the fabrication of
stable photoactive organogels by combining LMOGs with
Pc-containing complementary organogelator structures.


Results and Discussion


Organogels consisting of combinations of LMOGs and com-
plementary LMOG structures containing ZnII–Pc moieties :
5a-Cholestan-3b-yl N-(2-anthryl)carbamate (1, Figure 1) is a
renowned LMOG for both alkanes and alkanols at concen-
trations in the 0.5–2.0 wt% range,[25] but it does not gel aro-
matic solvents such as benzene, styrene or toluene, in which
precipitation occurs upon cooling of the isotropic solutions
to room temperature. Nevertheless, we found that stable
gels were obtained in various aromatic solvents when 1 and
the ZnII–Pc-containing complementary cholestanyl structure
3 were mixed in a molar ratio of 20:1. In order to demon-
strate the scope of this method for the preparation of photo-
active organogels, the strategy was also applied to the differ-
ent, well-known LMOG 2,[26] with the ZnII–Pc-containing
analogues 7–9.


Synthesis :[27] All synthesized compounds here were satisfac-
torily characterized by UV/Vis, FTIR, MALDI-TOF MS
and NMR. The synthesis of 1 was carried out by means of a
condensation reaction between 5a-cholestan-3b-yl chlorofor-
mate and the corresponding 2-aminoanthracene as previous-
ly reported.[25] The UV/Vis absorption of 1 in CH2Cl2 solu-
tion showed the expected bands corresponding to a weak
perturbed 1La transition at about 394 nm and a strong per-
turbed 1Bb transition at about 263 nm.


[25]
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LMOG 2, first described by Hanabusa and co-workers,[26]


was easily synthesized by DCC coupling between (1R,2R)-
(�)-1,2-diaminocyclohexane and undec-10-ynoic acid.
The photoactive building blocks 3–6 were obtained in


one-step fashion and in modest yields through DCC-assisted
coupling between the appropriate ZnII–Pc acid derivatives
12 or 13 and the corresponding 3b-cholest-5-en-3-yl N-(2-
aminoalkyl)carbamates[28] (10 or 11; Scheme 1).
The ZnII–Pc acid derivatives 12[21f, 29] and 13 thus emerge


as powerful Pc-based scaffolds for DCC-mediated coupling
reactions in the construction of novel photoactive materials.
Acids 12 and 13 were each synthesized similarly, by two-step


oxidation of the corresponding
alcoholic precursors 16[21a] and
19, respectively (Scheme 2).
Compounds 16 and 19 were
first converted into the corre-
sponding aldehydes 17[21a] and
20 by Parikh–Doering and
IBX-mediated oxidations,[30]


respectively, and were further
oxidized to the desired acids
with sodium chlorite and sulfa-
mic acid as a chloride scaveng-
er.[30] The alcohol precursors 16
and 19 were obtained by statis-
tical crossover condensation of
the appropriate phthalonitriles,
15[21f, 29] and 18 respectively,
with 4-tert-butylphthalonitrile
(14) in the presence of Zn-
ACHTUNGTRENNUNG(AcO)2. The absorption spec-
tra of the investigated ZnII–Pc-
containing compounds in solu-
tion each exhibited a strong
band in the 650–680 nm region
(Q-band) and a Soret transi-
tion (B-band) in the 300–
400 nm region.[27]


On the other hand, the ZnII–
Pc dimers 7 and 8 were readily
obtained by DCC-coupling be-


tween (1R,2R)-(�)-1,2-diaminocyclohexane[31] (21) and the
appropriate ZnII–Pc acids 12 and 13, respectively
(Scheme 3). In contrast, ZnII–Pc dimer 9 was synthesized by
palladium-catalysed Sonogashira[32] coupling between dia-
lkyne 22[33] and unsymmetrical iodo-substituted ZnII–Pc
23[34] (Scheme 3).


Organogels made of LMOGs 1 and 2 and the complemen-
tary organogelator structures 3–9, containing ZnII–Pc moi-
eties : Even though many ALS compounds—containing aro-
matic (A), linking (L) and steroidal groups (S)—have been
reported as effective organogelators,[35] ZnII–Pc 3–6 were


Figure 1. Organogelators (1, 2) and novel ZnII–Pc-containing complementary organogelator structures (3–9)
used in this work.


Scheme 1. Synthesis of ZnII–Pc-containing complementary organogelator structures 3–6.
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unable to form organogels after dissolution in hot solvents
with subsequent cooling to room temperature. Cooling
below room temperature (5 8C) did not afford organogels
either, despite the facts that 1) these compounds could in
principle facilitate the formation of 1D superstructures, be-
cause of their propensities to form hydrogen-bonded and p-
stacked structures,[36] and 2) they are structurally similar to
ZnII–porphyrin-appended cholesterol derivatives, which
were able to form transparent gels in several aromatic sol-
vents such as toluene, benzene and p-xylene.[28] However,
when 1 and the ZnII–Pc-containing complementary choles-
tanyl structure 3 were mixed in toluene at an optimum[27]


molar ratio of 20:1, a stable dark green organogel was ob-
tained within minutes after a heating–cooling cycle
(Figure 2). The existence of the gel state was verified by the
absence of flow upon turning the test vial upside-down and
was further confirmed by rheological experiments (see
Table 1, entry 1). Unfortunately, this gel remained homoge-
nous only for 17 days when stored in the dark in sealed
glass vials at 293 K, after which precipitation was observed.
The use of higher concentrations of 3 caused the collapse of
the gel within the first hour, whereas the use of lower con-
centrations did not afford any stable gel upon cooling. An
analogous situation was also observed in other solvents such
as acetonitrile, 1,2-dichloroethane, o-, m- or p-xylene, ben-
zene, chlorobenzene, or ethylbenzene.[27] Although the use
of a mixture of MPcs isomers should affect the gel proper-
ties,[38] we did not address this issue because of serious diffi-
culties in the separation of the pure isomers.
Appropriate control experiments[27] showed that both cho-


lesterol and Pc units were necessary for the observed stabili-
zation phenomenon. Based on previous studies of cholester-


ol-based LMOGs,[25] one of the possible configurations for
the aggregates are outlined (Figure 3), which combine the
described self-assembly pattern of the cholesterol-based
LMOG 1 with the integration of the complementary LMOG
structures 3–6, containing ZnII–Pc moieties, which would
allow stabilizing p interactions between aromatic residues
through the gel network.
An interesting, albeit weak, influence of the separation


distance between the Pc moiety and the 3b-cholest-5-en-3-yl
skeleton on gel stability was found when 3 was replaced by
its higher analogue 5. Thus, photoactive organogels made of
[1+5] or [1+6] (molar ratio [1]/ ACHTUNGTRENNUNG[5 or 6]=20:1) were found
to remain stable for around three weeks. The mechanical
strengths of these gels (Table 1, entries 3 and 4) proved to
be similar to those of the gels made of [1+3] or [1+4]
(molar ratio [1]/ACHTUNGTRENNUNG[3 or 4]=20:1; Table 1, entries 1 and 2). No
odd–even effect on the gel stability of the aliphatic segment
(n=2, 3) between the two NHCO functions was observed
on comparing 3 with 4 or 5 with 6.
At this point we decided to investigate whether this stabi-


lizing effect was strictly dependent on the organogelator
structure. To this end, we chose the LMOG 2, which self-as-
sembles spontaneously into ordered fibrous nano-aggregates
at low concentrations in a variety of organic solvents.[26] The


Scheme 2. Synthesis of ZnII–Pc acid derivatives 12 and 13.


Scheme 3. Synthesis of ZnII–Pc dimers 7–9.


Figure 2. Digital photographs. a) Organogelator 1 in toluene solution at
room temperature. b) Effect of the inclusion of the ZnII–Pc-containing
complementary organogelator structure 3 ([1]=12.12 mgmL�1, 20.0 mm,
[3]=2.52 mgmL�1, 2.0 mm) after a heating–cooling cycle allowing the for-
mation of a stable organogel. c) Photoactive organogel made of [1+3]
under irradiation at 356 nm. d) Solution obtained by means of the ther-
mally induced phase transition of the gel made from [1+3].
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gelation mechanism of 2 differs remarkably from that of 1,
because the extended supramolecular structure of 2 is stabi-
lized by two cooperating noncovalent forces: the solvopho-
bic interaction of the long hydrocarbon chains and two hy-
drogen bonds between adjacent molecules with two equato-
rial amide NH and amide CO groups aligned antiparallel to
each other and perpendicularly to the cyclohexyl ring.[26] Al-
though no gel formation was observed upon cooling the iso-
tropic toluene solutions containing only the Pc-containing
analogues 7–9, the combination of 2 and analogues 8 or 9
(Table 1, entries 5–6) in an optimum molar ratio of 22:1
([2]=12.0 mgmL�1=25.1 mm ; [8]=3.28 mgmL�1=1.79 mm ;
[9]=3.46 mgmL�1=1.79 mm) resulted in the formation of
photoactive organogels. These gels, in contrast to the gels
formed from 1 and 3–6, were found to remain stable for 31
and 36 days, respectively (Table 1, entries 5–6), after which
time partial crystallization was observed. Nevertheless, both
their thermostabilities and their mechanical strengths were
found to be slightly lower than those of the gel made only
of 2.[27] Once again, the preservation of the original organo-
gelator structure, and therefore the major interactions re-
sponsible for the gelation process, along with a considerable


separation between the Pc moiety and the hydrogen bonds
region, were found to be crucial for the effective integration
of the Pc-containing analogues in the nanoscale-fibres of the
gels. Indeed, no organogel formation was observed for the
combination of 2 and the analogue 7, lacking the flexible ali-
phatic chains between the dye and the NHCO functions,
which most likely provide a suitable space for the groups to
interact and to organize their individual patterns of interac-
tion efficiently.
Along with insignificant contributions from linear dichro-


ism (no changes in the intensities of the signals were ob-
served when rotated by 908), the gels made of 2[26] exhibited
strong circular dichroism (CD) peaks for the amide units,
due to the formation of chiral aggregates (molar ellipticity
values: [q]201=++4.20S104 cm2 dmol�1; [q]213=�1.73S
105 cm2dmol�1). However, the CD spectra of the photoac-
tive loose organogels ([2+8] or [2+9]) in acetonitrile at
20 8C showed no additional peaks due to the absorption of
the Pc units, and the CD signals disappeared when the iso-
tropic state was reached (49–57 8C). No further investigation
into the dependence of the CD spectra on cooling rate,
aging or thermal history was carried out.[35] Thus, as is also
the case with the analogous porphyrin system,[28] the posi-
tions of the chromophores appear to be barely affected by
the helical-like self-assembly of 2. In addition, highly chiral-
ly-oriented aggregates are very unlikely to exist in the solu-
tion state, because the CD pattern is not maintained at the
sol-to-gel transition temperatures (Tgel).


Characterization of photoactive organogels : All gels were
characterized through a combination of rheological experi-
ments and different techniques including FTIR, differential
scanning calorimetry (DSC), electron microscopy and UV/
Vis and fluorescence spectroscopy.


Thermal analysis : The thermal properties of the gels were
examined by DSC and by determination of their Tgel values
(Table 1). The Tgel values—defined as the temperatures at
which the organogels are destroyed—of samples with similar


Table 1. Properties of organogels based on 1 or 2 in toluene in sealed glass vials, with the effects of the incorporation of compounds 3–9.[a]


Entry Compound[b] Molar ratio MGC[c] [gdm�3] Dt[d] [d] lAbs
[e] [nm] Tgel


[f] [8C] DH[i] [J g�1] G’[j] [ S103 Pa] G’’[k] [S103 Pa]
DSC[g] IFM[h]


1 ACHTUNGTRENNUNG[1+3] 20:1 14.64 17 672 41 40 0.47 14.53�0.05 7.61�0.04
2 ACHTUNGTRENNUNG[1+4] 20:1 14.63 19 672 45 43 0.70 15.32�0.09 8.27�0.06
3 ACHTUNGTRENNUNG[1+5] 20:1 14.78 23 672 48 47 0.44 16.89�1.03 9.35�0.05
4 ACHTUNGTRENNUNG[1+6] 20:1 14.81 28 672 51 49 1.03 16.73�1.24 9.12�0.12
5 ACHTUNGTRENNUNG[2+8] 22:1 15.28 31 671 57 56 0.91 17.38�1.76 10.13�0.13
6 [2[j]+9] 22:1 15.46 36 671 49 51 1.07 17.58�1.12 10.02�0.13


[a] The gels were prepared with 2 mL of solvent. The state of each sample was determined by visual inspection after the sample had been allowed to
stand for 2 h at room temperature, although gelation in each case occurred within 10 min. The intensity of the characteristic greenish colour and the
transparency of the photoactive organogels depended both on the solvent and on the organogelator system (for an example, see inset of Figure 3). Nei-
ther a values nor relaxation times were obtained. [b] Components of the hybrid organogels. [c] MGC is defined here as the minimum concentration of
the organogelator system at which gelation was observed to restrict the flow of the medium. [d] Temporal stability defined as the time after gel formation
at which phase separation of the sample was macroscopically observed. The experimental error was 5–12 h. [e] Absorption wavelength maximum of the
photoactive organogels. [f] Sol-to-gel transition temperature (average of three independent measurements). [g] Tgel determined by DSC, which corre-
sponds to the maximum of the observed endothermic peak. [h] Tgel determined by IFM in a sealed vial, allowing measurements above the boiling point
of the solvents. The estimated error for the Tgel values obtained by DSC and the “inverse flow method” were �2 and �1 8C, respectively. [i] Enthalpic
change. [j] G’=average storage modulus. [k] G’’=average loss modulus.


Figure 3. Plausible configuration for the aggregates made of LMOG
structures 1 and Pc-containing complementary LMOG structures 3–6.
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thermal histories were first calculated by the “inverse flow
method” (IFM).[27] As Tgel determined by IFM depends on
factors such as aging, cooling rate, thermal history and
degree of hysteresis, among others,[25, 38] the values were fur-
ther correlated with the endothermic transitions observed
by modulated DSC.[27] The Tgel values increased in an ap-
proximately linear manner as with the concentration of the
gelator system [LMOG+ZnIIPc], probably due to the for-
mation of more closely packed 3D-networks (Figure 4).
From the sol-to-gel phase diagram (Figure 4), the calculated


thermodynamic parameters were found to be consistent
with the FTIR spectroscopic measurements and showed a
consistent compensation of the entropic change by the en-
thalpic contribution in the gelation process.[39] In addition,
all photoactive gels were found to be fully thermoreversible.


Rheological behaviour : Oscillatory rheological measure-
ments[27] confirmed the viscoelastic, rigid and brittle natures
of the gels (Table 1), which did not flow upon inversion of
the test tubes but did exhibit fully reversible sol-to-gel phase
transitions upon repeated heating–cooling cycles without the
gelation ability being affected. The storage moduli (G’)
were uniformly found to be of greater magnitude than the
corresponding loss moduli (G’’). At its Tgel, the elastic prop-
erties of each gel decreased strongly and the soft solid (G’
> G’’) was transformed into a viscoelastic liquid (G’’ > G’).
All the photoactive gels were stable over a wide frequency
range (0.1 to 100 rads�1), and dynamic strain sweep (DSS)
measurements showed that they break at less than 0.5%
strain. The material rigidity as indicated by G’ was found to
follow a relative uniform trend with respect to Tgel.


[27]


Morphologies : To gain visual insights into the microscopic
morphologies of the gels, we took transmission and scanning
electron micrographs (TEM, SEM), which proved to be
complementary, as well as atomic force micrographs (AFM)
(Figure 5).[27] Similarly to other ALS-based gelators,[36] all
the xerogels consist of entangled fibre-like aggregates with
numerous junction zones.[4b] For the gels made of [2+8] and
[2+9], most of the fibres presented relatively uniform diam-
eters of 180�30 nm (Figure 5A–J) and lengths on the
micron scale. The dimensions of the unit fibre were about
30 nm heightS40 nm width (Figure 5L–M). The high aspect
ratios of the bundled fibres must arise from a strong aniso-
tropic growth process, indicating that the fibres have well-or-
dered molecular packing. No significant morphological dif-
ferences between the single-component (only 2 ; Figure 5A)
and the dual-component gels (Figure 5B–D) were observed
for these gels. Hence, the influence of added complementary
organogelator structures containing ZnII–Pc moieties is not
so great as to change the superstructure, at least at the
molar ratios indicated earlier. Nevertheless, remarkable
changes in the fibre morphologies were observed for speci-
mens prepared at different concentrations and solvents.[27]


Reductions of only 1 mol% (with respect to the optimum
values) in the concentrations of complementary organogela-
tor structures containing ZnII–Pc moieties, for instance, gen-
erated thinner and less knotted fibrillar aggregates (Figur-
e 5E,G–H), supporting their low stabilities towards mechan-
ical agitation. In addition, the more densely intertwined fi-
brous structure of the gel made of [2+8] in toluene (Fig-
ure 5A) or o-, m-, p-xylene (Figure 5J) in relation to the gel
in 1,2-dichloroethane (Figure 5I) seems to reflect the in-
creased thermal stability and intermolecular cohesiveness of
the former case with respect to the latter, as supported by
Tgel measurements (Tgel (xylene)=55 8C; Tgel (1,2-dichloro-
ethane)=44 8C).[27] Some pictures revealed an expected hel-
icity (anticlockwise) of fibres for the hybrid gels made of 2
(Figure 5F).[26] In addition, a red luminescence emitted by
the dry nanoscale fibrous structure (Figure 5K) could be di-
rectly observed by confocal laser scanning microscopy
(CLSM), and was probably due to the self-assembly of the
Pc-containing compounds in the organogel fibres. Similarly,
the gels made of 1 and 3–6 were found to consist of entan-
gled fibres with diameters of 90�40 nm (Figure 5N–P) and
lengths in the micron scale.


FTIR experiments : In order to assist understanding of the
precise roles of the CO, NH and aromatic residues of the or-
ganogelator systems in the gelation process, temperature-
controlled FTIR studies were carried out.[27] The intensities
of the bands were found to be stronger in the gel samples,
indicating that the components interact more efficiently in
the gel phase. The results also demonstrated the necessity
for participation of hydrogen-bonded amides, van der Waals,
and aromatic interactions in different extensions during the
gelation phenomenon. Hydrogen bonding in the 2-based
hybrid gels thus uniformly shifted both carbonyl and NH
resonances to lower energy relative to the spectra recorded


Figure 4. Onset sol-to-gel transition temperatures determined by IFM for
gels made at different concentrations of [1+3] in toluene, [2+9] in
CH3CN, and [2+9] in toluene. The differences in Tgel for the materials
prepared in CH3CN and toluene did not exceed 5 8C. Inset: digital photo-
graphs of the organogels. Collapse of the gels took place within 1 h at
concentrations higher than the maximum values outlined in the graphic.
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in the solid state: from 1636–1665 to 1628–1637 cm�1 for
amide I bands, from 1542–1558 to 1535–1544 cm�1 for ami-
de II bands, and from 3296–3334 to 3273–3295 cm�1 for NH
stretching bands. The same tendency was observed when the
concentrations of the organogelator systems were increased.
In addition to signals routinely observed at about 1270 (Ar�
O) and 1090 cm�1 (Ar-O-C), slight shifts of the aromatic C�
H stretching frequencies to lower wavenumber (from ca.
3075–3078 to 3069–3073 cm�1) were also observed at higher
concentrations, probably due to increasing p–p stacking in-
teractions. The gel-to-sol phase transitions occurred with in-
creasing temperature, and the IR bands arising from hydro-


gen amide groups sharply decreased (homogeneous solu-
tions), whereas those from the free groups increased (amide
ca. 1660 cm�1). Bands in the region of the antisymmetric
and symmetric stretching vibrations of C�H (ca. 2845–
2935 cm�1) were also observed for the gel states, thus indi-
cating significant electrostatic interactions between the alkyl
segments. In the case of 1-based hybrid gels, however,
stretching frequencies of N�H bonds (carbamate groups) in
solution were found to be at about 3438–3460 cm�1, with C=


O stretching at about 1725–1735 cm�1, which were not very
different from those in the gel state. This is in good agree-
ment with the work of Weiss and co-workers,[25] in which it


Figure 5. A) Negative TEM image of the xerogel made up of 2 (12 mgmL�1) in toluene. B) Negative TEM image of the xerogel made up of [2+8]
(Table 1, entry 5). C) Negative TEM image of the xerogel made up of [2+9] (Table 1, entry 6). D) Negative SEM image of the xerogel made up of [2+9]
(Table 1, entry 6). E) Negative TEM image of the xerogel made up of [2+8]. F) Negative TEM image showing the detail of the helicoidal fibres from
the xerogel made up of [2+8] (Table 1, entry 5). G) Negative TEM image of the xerogel made up of [2+8] (molar ratio: [2+8]=22:0.99). H) Negative
SEM image of the xerogel made up of [2+8] (molar ratio: [2+8]=22:0.99). I) Negative TEM image of the xerogel made up of [2+8] in 1,2-dichloro-
ethane (molar ratio: [2+8]=22:1). J) Negative TEM image of the xerogel made up of [2+8] in o-, m-, p-xylene (molar ratio: [2+8]=22:1). K) Emitted
red luminescence captured by CLSM of dry gel fibres made of [2+9] (Table 1, entry 6). L) Atomic force microscopy height image of the gel made of
[2+8] (Table 1, entry 5) showing the presence of parallel fibre bundles. M) 3D atomic force microscopy image of the fibre bundles from the gel made of
[2+8] (Table 1, entry 5). N) Negative TEM image of the xerogel made up of [1+3] (Table 1, entry 1). O) Negative TEM image of the xerogel made up of
[1+4] (Table 1, entry 2). P) Negative TEM image of the xerogel made up of [1+6] (Table 1, entry 4). The physicochemical properties of the specimens
are given in Table 1.
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was shown that there is no clear evidence of H-bonding
from N�H to other carbamate during the formation of the
gel made of 1. Hydrogen bonding here is thus subordinated
to other van der Waals forces (e.g. p–p and/or p···H�N in-
teractions) in the promotion of gelation.


UV/Vis measurements : The cooperative natures of the multi-
ple noncovalent interactions were also supported by single
UV/Vis measurements,[27] which showed the typical Soret
(ca. 349 nm) and Q-bands (ca. 672 nm) for the ZnII–Pc-con-
taining gels, and confirmed their higher temporal stabilities
(ca. 2–5 weeks) in comparison with the common decomposi-
tion of ZnII–Pc solutions after exposure to light for several
days (colour change from blue-green to yellowish) due to
the efficient generation of singlet oxygen. We did not find
any noteworthy dependence of the spectral shapes and in-
tensities either on cooling rate or upon aging within the sta-
bility period of each gel. In the case of the 1-based hybrid
gels in toluene, the UV/Vis spectra at 293 K also each
showed a characteristic red-shifted band at about 420 nm to-
gether with an excitonic band at about 396 nm, characteris-
tic of aggregated anthryl-containing molecules in a gel state
group. The UV/Vis spectra showed almost no influence of
chain length on the positions of the Q-bands, which are de-
pendent on the aggregation state and the crystalline phases
present. Additional temperature-dependent UV/Vis absorp-
tion and fluorescence spectroscopy provided more insights
into the photochemical properties of the organic gels. Upon
cooling of the isotropic solutions, the spectral shape is slight-
ly broadened, and the Soret and Q bands are slightly blue-
shifted (<5 nm) relative to those in homogeneous solution.
According to the molecular exciton theory, both shifts can
point to stacking of ZnII–Pc molecules.[40] Close to the gel-
to-sol phase transitions, shoulder-like absorption patterns
were also observed around 349 nm in some spectra, proba-
bly due to molecules that were not yet taking part in the for-
mation of the 1D structure.


Fluorescence measurements : The steady-state fluorescence
emission spectra of toluene gels made of [1+3] or [2+8] sys-
tems at 293 K were also closely consistent with those of 3 or
8, respectively, in homogeneous solutions, showing charac-
teristic Q-band emissions at about 672 nm. No additional
bands attributable to different aggregates were observed.
Similarly to the UV/Vis measurements, emission spectra
(position, shape and intensity) of the hybrid gels were found
to be independent of the cooling rate (slowly or rapidly
cooled gels[41]). In general, strong aggregates of MPcs tend
to exhibit blue shifts, and selection rules dictate that these
species are non-fluorescent. Nevertheless, another possible
geometry is the clamshell arrangement, in which the Pc mol-
ecules are constrained over one another but the rings are no
longer parallel and emission is not categorically excluded.
Although we have no conclusive data as yet, such an orien-
tation effect could occur in the cases of the gels made of
[1+3] or [2+8] in toluene (Table 1), which were character-
ized at 293 K by short fluorescence lifetimes (t=1.1 and


2.2 ns, respectively) and low fluorescence quantum yields
(Ff=0.36 and 0.43, respectively). These values were close to
those observed for 3 or 8 in solution (t=1.3 and 1.5 ns, re-
spectively).[27] Interestingly, we also found that the fluores-
cence intensities of photoactive Pc-based references [for ex-
ample, (tBu)4ZnPc, (tBu)3ZnPcI, (tBu)3Pc-acetylene] in tolu-
ene solution or embedded in gels made of 1 or 2 (at the
same molar concentrations as those used for making the
hybrid gels) decreased on addition of methyl viologen
(MV2+) as electron transfer quenching reagent, and linear
Stern–Volmer plots due to intermolecular collisional
quenching were obtained.[27] In contrast, the fluorescence in-
tensities of toluene gels made of [1+3] or [2+8] remained
virtually intact while MV2+ concentration was increased up
to 1.5 mm.[27] In agreement with previous studies in our
group,[23] this difference in fluorescence quenching behav-
iour suggests the absolute suppression of collision between
ZnII–Pc moiety and MV2+ when incorporated into fibrous
assemblies.


Strengthening of photoactive multicomponent organogels
through in situ cross-linking with the aid of CuI-catalysed
azide–alkyne [3+2] cycloadditions (CuAACs): The relative-
ly low thermal and temporal stabilities of the prepared Pc-
based photoactive organogels could jeopardize the potential
applications of such materials. For this reason, we were in-
terested in investigating strengthening of such materials
without loss of their main physicochemical properties. Sever-
al examples of in situ enhancement of organogel thermosta-
bility have been described; they include post-polymerization
of gel fibres made up of polymerizable LMOGs,[42] the use
of host–guest interactions,[43] the addition of polymers[44] and
the employment of metal ion coordination.[45] In addition,
CuAAC[46] has recently been used to modify the properties
of organic gels while retaining their overall structures and
thermoreversibilities.[33,47] CuAAC has emerged as the best
example of click chemistry,[48] characterized by extraordinary
reliability and functional group tolerance.[10] The above or-
ganic gels were thus prepared in the presence of tiny
amounts of mixtures consisting of the suitable complementa-
ry diacetylenes 24 and 25 (5 mol% with respect to 1 and 2,
respectively, in the hybrid gels) and a linear diazide such as
26 or 27 (Figure 6) in a diacetylene/diazide molar ratio of
1:1. In view of the objectives described above, the CuAAC
here would represent a much more challenging process than
that in previous studies,[34, 49] since the cycloaddition reaction
would have to occur in an already multicomponent pre-
formed organic gel (e.g., [1+3] or [2+8]) in which the ap-
propriate “clickable” acetylene monomer (24 or 25) should
be at least partially associated with the gel fibres by virtue
of multiple noncovalent interactions.


Synthesis : Enantiomerically pure dialkyne 25 was prepared
by DCC coupling of undec-10-ynoic acid and (1R,2R)-1,2-di-
aminocyclohexane.[34] Diazide 26 was prepared by nucleo-
philic substitution of the appropriate dichloride,[47] giving
spectroscopic data identical with those reported in the liter-
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ature. Dialkyne 24 was synthesized by DCC coupling be-
tween 3,5-bis(prop-2-ynyloxy)benzoic acid (28)[50] and 3b-
cholest-5-en-3-yl N-(2-aminoethyl)carbamate (10, n=2;[28]


Scheme 4).


Cross-linking of preformed organogels through CuAAC : In
order to test the compatibilities of the CuAACs with the en-
tangled supramolecular gel networks, we chose the hybrid
LMOG systems [1+3] and [2+8] as models. The nanoscaled-
fibres were prepared in the presence of low concentrations
of the alkyne-containing “clickable” compounds 24 or 25,
together with the diazides 26 or 27 (Figure 6). CH3CN/2,6-
lutidine (1:0.01, v/v, 0.1m in diacetylene) was used as a sol-
vent system. With a cautious level of click connectivity, the
multicomponent system was subsequently subjected to
CuAAC, permitting the strengthening of the photoactive or-
ganogels while preserving their photochemical properties.
The use of an optimized gelator system/diacetylene/diazide
molar ratio of 20:1:1 for [1+3]/24/26, [1+3]/24/27, [2+8]/25/
26 and [2+8]/25/27 afforded the strongest materials. The use
of larger amounts of cross-linkers ended either in partially
gelled materials or in macroscopically phase-separated ma-
terials. CuI catalyst was introduced by layering a stock solu-
tion of CuI in CH3CN (1.5m) on top of the pre-set organo-
gel,[50] and allowing this to diffuse into the material for 10
days to complete the reaction, as indicated by preliminary
GC-MS experiments. The resulting materials were then
broken up by vigorous stirring and exposed to oxygen for
3 h to ensure quenching of the click reaction by oxidation of


the catalyst. A further heating–
cooling cycle allowed the gel
state to be restored for physi-
cal characterization.
NMR spectroscopy con-


firmed the presence of triazole
moieties in the cross-linked
gels, whereas FTIR spectrosco-
py showed that the cross-link-
ing reaction had consumed
most of the azide groups.[27]


When no copper catalyst was
employed, the azide peak re-
mained unchanged, and when


an approximately 2:1 ratio of azide to alkyne was used, the
IR spectrum still displayed an azide resonance, which could
potentially be functionalized after cross-linking, providing
another means of tailoring the properties of these materials.


Characterization of cross-
linked photoactive organogels:
The resulting cross-linked pho-
toactive organogels were char-
acterized similarly to their pre-
cursor gels.


Thermal and mechanical analy-
sis : Interestingly, all cross-
linked organogels displayed
thermoreversibility, together
with better stability over time
(>3 months) than their precur-


sors under identical storage conditions. The enhanced stabil-
ities of the gels after CuAAC were simultaneously accompa-
nied by enhancements both of thermoresistance and the me-
chanical strength, as demonstrated by Tgel determination
and oscillatory shear measurements (Table 2). The Tgel


values were thus enhanced by up to 15 8C after CuAAC,
whereas the storage moduli (G’) were uniformly found to be
one order of magnitude greater than those of the precursor
gels and their viscoelastic natures were retained (G’’ > G’).
In general, relatively uniform trends between Tgel and mate-
rial rigidity (G’) were observed upon cross-linking. Stress–
strain curves consistently showed the transformation of
hard, brittle materials (high elastic modulus, small elonga-
tion) into soft, tough materials (low elastic modulus, large
elongation) as temperature increased. Appropriate control
experiments[27] demonstrated the successful modification of
the photoactive organogels only when the appropriate cata-
lyst and clickable monomers were used.


Morphologies : TEM pictures revealed significant morpho-
logical differences in the stabilized xerogels (Figure 7B–L)
in relation to the non-cross-linked materials (Figure 7A).
Patches of agglomerated fibres with non-uniform diameters
(20–180 nm) and lengths in the micron scale were consis-
tently found after CuAAC (Figure 7B–E). The denser and


Figure 6. Cross-linkers 24–27 used to amplify the thermostabilities of the photoactive organogels through
CuAAC reactions. Control experiments and additional trials with an expanded collection of polyvalent azides
are described in the Supporting Information.[43]


Scheme 4. Synthesis of diacetylene-containing complementary organogelator structure 24.
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intertwined fibrous morphologies of the xerogels after cross-
linking, in relation to the straight-fibre networks of non-
cross-linked gels, could be related to the increased thermal
stability and intermolecular cohesiveness after CuAAC, as
determined by Tgel measurements (Table 2). Less homogene-
ous networks characterized by shorter fibres were observed
for phase-separated materials obtained at higher concentra-
tions of the clickable monomers (Figure 7F–G). Very inter-
estingly, the observation of the cross-linked xerogels under
SEM (Figure 7H–L) revealed the occasional presence of
two new morphological moieties forming sheet-like struc-
tures, combined with thick entangled strands of about 5 mm


in diameter. One of these im-
pressive architectures resem-
bles the tentacles of the sea
anemone (Figure 7I–J), where-
as the other is made up of ag-
glomerates of tubular struc-
tures of about 1 mm in length,
0.5 mm in width and 0.4 mm in
diameter, greatly resembling a
bunch of silk cocoons (Fig-
ure 7K,L). As these aggregates
were not observed in all cross-
linked samples, we presume
that the less stable fibrils of


the cross-linked gels undergo some morphological changes
during the freeze-drying treatment and aggregate into the
tentacle- and cocoon-like forms.


FTIR experiments : FTIR spectroscopy showed comparable
evidence for the participation of hydrogen-bonded amides
and van der Waals and aromatic interactions in the gelled
states of both non-cross-linked and cross-linked materials,
indicating that the greater part of the original noncovalent
pattern is still retained upon stabilization.


Table 2. Physical data for organogels after CuAAC cross-linking under N2.
[a]


Entry Components Molar ratio Dt[b] [d] lAbs
[c] [nm] Tgel


[d] [8C] G’[e] [S104 Pa] G’’[f] [S104 Pa]


1 [1+3+24+26] 18.1:1.8:1:1 94 673 56 30.27�1.32 9.23�0.28
2 [1+3+24+27] 18.1:1.8:1:1 103 673 59 33.02�2.03 11.16�1.14
3 [2+8+25+26] 18.7:1.3:1:1 121 677 71 37.51�1.78 12.31�1.03
4 [2+8+25+27] 18.7:1.3:1:1 118 677 73 39.44�1.52 12.31�1.03


[a] Each reaction was performed in degassed CH3CN (2.0 mL) and 2,6-lutidine (0.02 mL). Note: the Tgel


values of the materials prepared in CH3CN did not overly differ from those in toluene (�5 8C), and the
former were chosen for testing the cross-linking because CH3CN in combination with 2,6-lutidine has been
found to be a good solvent system for CuAAC. [b] Temporal stability defined as the time after gel formation
at which phase separation of the sample is macroscopically observed. The experimental error was 5–12 h.
[c] Absorption wavelength maxima of the photoactive modified organogels. [d] Sol-to-gel transition tempera-
ture determined by IFM in sealed vials, allowing measurements above the boiling point of the solvents.
[e] G’=average storage modulus. [f] G’’=average loss modulus.


Figure 7. A) Negative TEM image of the xerogel made up of [2+8] (molar ratio 22:1) in CH3CN/2,6-lutidine 1:0.01, 0.1m). B)–E): Negative TEM images
of the cross-linked xerogels (Table 2, entries 1, 2, 3, 4, respectively). F) and G): Negative TEM images of the xerogels made of [1+3+24+26] (molar
ratio 18.1:1.8:3:3) and [2+8+25+27] (molar ratio 18.7:1.3:3:3), respectively. H) Negative SEM image of the cross-linked xerogel (Table 2, entry 3) show-
ing the presence of new structural moieties. I)–L) Zoom-in on H), showing the sea anemone-like structures (I–J) and the silk cocoon-like structures (K–
L).


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9261 – 92739270


T. Torres, D. D. DAaz et al.



www.chemeurj.org





UV/Vis and fluorescence measurements : Slight bathochromic
shifts in the positions both of the Soret bands and of the Q-
bands of the Pc moieties were observed in the UV/Vis spec-
tra after CuAAC. This phenomenon could be explained by
the cross-linking process, which can ultimately promote the
agglomeration of the Pcs moieties. The fluorescence intensi-
ties of cross-linked gels remained virtually unchanged while
the quenching (MV2+) concentrations were increased up to
1.5 mm. These foregoing results thus show only a small influ-
ence of the cross-linking process on the optical properties of
the gels. First-round experiments essentially showed no im-
provement in fluorescence lifetimes.
Figure 8 provides an overview of the procedure developed


for the preparation of standard functional organogels and
their further stabilization, if necessary, by in situ cross-link-
ing through CuAAC. System 4 represents a standard orga-
nogel formed upon cooling of the isotropic solution of the
appropriate LMOG (system 2). If further strength enhance-
ment of the material is required, a well-defined concentra-
tion of a suitable diacetylene-containing complementary
LMOG structure, linear diazide and CuI catalyst can be


swollen into the organogel network or premixed with the
LMOG prior to gel formation (system 3) in the heating–
cooling process. The subsequent cross-linking reaction
should enhance the thermostability of the organogel while
preserving its thermoreversibility (system 5).[33] On the other
hand, the organogel 4 may be prepared in the presence of
the appropriate Pc-containing complementary organogelator
structures to afford a multicomponent photoactive viscoelas-
tic material (system 6). Also in this case, suitably designed
clickable monomers (diacetylene-containing complementary
LMOG structure and linear diazide) and the CuI catalyst
can be incorporated into the gel network (system 7) in order
to achieve further cross-linking to generate a new photoac-
tive organogel with enhanced thermostability and mechani-
cal properties.
Interestingly, all attempts to incorporate the [1,3,5]-tria-


zole-based polymeric structure (system 9), made by CuAAC
of the appropriate monomers in solution, into the photoac-
tive organogels failed to form stable gels, due to evident and
fast phase-separation processes. The explanation was found
to lie in the structural differences between the preformed


Figure 8. Schematic illustration of the synthesis of standard organogels and Pc-based photoactive organogels, and their further stabilization by in situ
cross-linking achieved through CuAAC.
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polymer 9 and the cross-linked material (system 10) ob-
tained by in situ CuAAC of the clickable monomers, which
could be extracted by evaporation of the solvent system
under vacuum followed by a washing protocol with the re-
maining solid material. MALDI-TOF experiments indicated
that the system 10 was made up of a mixture of short oligo-
mers whereas the system 9, prepared in CH3CN solution,
proved to be a polydisperse polymer of much higher
MW.[27,49] In summary, a photoactive gel could in principle
be fabricated by the self-assembly process of a LMOG in
the presence of a small amount of a suitable complementary
organogelator structure containing a dye (e.g., MPc). The
amount of dye can be optimized in order to minimize the
negative effect on the thermostability of the organogel, and
in some cases to maximize a possible positive effect. Further
thermal/mechanical stabilization can be achieved by
CuAAC-mediated cross-linking of a suitable complementary
diacetylene and a linear diazide previously incorporated
into the multicomponent gel network.


Conclusion


In summary, photoactive organogels can be prepared
through the association of LMOGs with suitably designed
ZnII–Pc-containing complementary organogelator structures
through a subtle balance of noncovalent interactions operat-
ing cooperatively. The above findings consistently support
the view that these new multicomponent photoactive mate-
rials define a unique chemical system driven by two compet-
ing and antagonistic interactions: self-assembly versus phase
separation. As a whole, this class of hybrid organogels, in
which cross-linked materials are generated by swelling the
appropriate monomers and activators into preformed supra-
molecular assembled networks, can be considered to consist
of thermoplastic semi-interpenetrating supramolecular poly-
mer networks prepared by a sequential process.[51] There-
fore, these systems with enhanced mechanical properties
due to their peculiar entanglement behave as thermosets at
ambient temperatures, but flow at elevated temperatures.
The physicochemical characterization of these soft materials
shows that maintaining the original molecular network con-
structed in the gel phase is crucial for the improvement of
gel stability by post-modification. Studies directed towards
the use of this procedure for the integration of other func-
tional photoactive-based systems into both organo- and hy-
drogels, as well as the study of electron transfer reactions
between these organogels and electron acceptors, are under-
way in our laboratories.
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Theoretical Insights into Enantioselective Catalysis:
The Mechanism of the Kharasch–Sosnovsky Reaction


Jos' Antonio Mayoral, Sergio Rodr+guez-Rodr+guez, and Luis Salvatella*[a]


Introduction


The allylic acyloxylation of olefins (named the Kharasch–
Sosnovsky reaction) catalyzed by optically active copper
complexes has become a powerful tool for the enantioselec-
tive synthesis of allylic esters.[1,2] High yields and chiral in-
ductions can be achieved in Kharasch–Sosnovsky reactions
when appropriate conditions are used. Both copper(I) and
copper(II) derivatives can be used as catalysts,[3] although
the large acceleration induced in Cu2+ reactions by phenyl-
hydrazine (acting as an in situ reducing reagent)[4] shows
that the true catalyst of the Kharasch–Sosnovsky reaction is
a copper(I) compound. Although several peresters or hydro-
peroxides can be efficiently used in the Kharasch–Sosnovsky
reaction, tert-butyl perbenzoate has become the standard ox-


idant in recent years.[1] Either acyclic or cyclic alkenes can
be successfully used as substrates, though better yields are
usually obtained for reactions involving cyclic olefins. In par-
ticular, the use of symmetrical cycloalkenes is preferred in
order to avoid obtaining mixtures of regioisomers.


Particular attention has been paid to the enantioselective
synthesis of allylic esters using chiral copper–ligand com-
plexes as catalysts for the Kharasch–Sosnovsky reaction.
Indeed, a large number of copper complexes that incorpo-
rate chiral ligands have been tested as catalysts for a bench-
mark reaction (cyclohexene + tert-butyl perbenzoate, see
Scheme 1),[5] since the (S)-enantiomer of the corresponding
reaction product (cyclohex-2-enyl benzoate) can be used as
a key intermediate in the leukotriene B4 synthesis.[6] Particu-
lar emphasis has been placed on the use of several substitut-
ed C2-symmetric bisoxazolines[7] because of their ease of
synthesis and high chiral induction.


Abstract: The mechanism of the Khar-
asch–Sosnovsky reaction has been in-
vestigated using B3LYP/6-31G* calcu-
lations on a chiral reaction model [cy-
clohexene + tert-butyl perbenzoate !
cyclohex-2-enyl benzoate + tert-butyl
alcohol, catalyzed by a chiral bisoxazo-
line-copper(I) complex]. Although two
previous reaction mechanisms have
been considered, the results are consis-
tent with a new mechanistic pathway.
This path involves ligand exchange be-
tween the catalyst–cyclohexene com-
plex with tert-butyl perbenzoate to give
a catalyst–perester complex, which un-
dergoes an (either one- or two-step)


oxidative addition reaction to yield a
copper ACHTUNGTRENNUNG(III) complex. The limiting step
of the Kharasch–Sosnovsky reaction
consists of an intramolecular step in-
volving the abstraction of an allylic hy-
drogen from cyclohexene [which is p-
bound to the copper ACHTUNGTRENNUNG(III) complex].
The resulting allyl-copper ACHTUNGTRENNUNG(III) complex
(subsequent to the loss of tert-butanol)
can undergo a haptotropic rearrange-


ment by means of an h1-allyl/h3-allyl
equilibrium, leading to scrambling be-
tween vinylic and allylic positions when
an isotopically labeled substrate is
used. The allyl-copperACHTUNGTRENNUNG(III) ion under-
goes a stereospecific reductive elimina-
tion involving the p-bond migration to
yield a reaction product–catalyst com-
plex, which can regenerate the alkene-
copper(I) complex by ligand exchange.
The proposed reaction mechanism is
consistent with all known experimental
results (including enantioselectivity
data).


Keywords: copper ·
density-functional calculations ·
homogeneous catalysis · oxidation ·
reaction mechanisms


[a] Prof. J. A. Mayoral, S. Rodr;guez-Rodr;guez, Dr. L. Salvatella
Departamento de Qu;mica Org?nica, ICMA-IUCH
Facultad de Ciencias, Universidad de Zaragoza-CSIC
Pedro Cerbuna 12, 50009 Zaragoza (Spain)
Fax: (+34)976-762-077
E-mail : lsalvate@unizar.es


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800638.


Scheme 1. Kharasch–Sosnovsky reaction between cyclohexene and tert-
butyl perbenzoate.
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Despite a considerable amount of literature is available
concerning synthetic and mechanistic aspects of the Khar-
asch–Sosnovsky reaction, two crucial points have remained
unclear up to now: the detailed steps of the mechanism and
the factors that determine the stereochemical control of the
reaction.


Although only limited knowledge of the mechanism of
the Kharasch–Sosnovsky reaction is currently available,[1,2]


some global aspects have been well established. The main
features of the benchmark reaction are represented in
Scheme 2, in which the copper(I) complex of bis[(S)-4-
methyl-4,5-dihydrooxazol-2-yl]methane (this ligand is here-
after referred to as “mebox”) is considered as the catalyst.


The process takes place through a catalytic cycle involving
the variation of the oxidation state of the copper atom. In
Kharasch–Sosnovsky reactions by using a non-coordinating
solvent in the presence of a large excess of olefin, most cata-
lyst ions must be present in the reaction mixture as a cop-
per(I)-alkene complex,[8] a situation consistent with kinetic
data on a closely-related allylic amination reaction.[9] The
first step of the catalytic cycle is the formation of a pere-
ster–catalyst complex through the ligand exchange of the
alkene-copper(I) complex with tert-butyl perbenzoate.


The resulting perester-copper(I) complex reacts with cy-
clohexene through a mechanism involving several steps to
yield the benzoate-h1-cyclohex-2-enyl-mebox-copper ACHTUNGTRENNUNG(III) ion
(named hereafter as the allyl-copper ACHTUNGTRENNUNG(III) key reaction inter-
mediate), which is analogous to a substituted cyclohexenyl-


copper ACHTUNGTRENNUNG(III) reaction intermediate detected by NMR in the
addition of an organocuprate to cyclohex-2-enone.[10]


The C�O bond formation between the cyclohexenyl and
benzoate groups takes place through a reductive elimination
of the copper ACHTUNGTRENNUNG(III) complex,[1] though little information on
such a step has been available up to now. The catalyst–reac-
tion product complex can release the reaction product
through ligand exchange with cyclohexene by generating the
starting olefin–catalyst complex.


Three different reaction mechanisms for the Kharasch–
Sosnovsky reaction (shown in Scheme 3) will be discussed in
this work. In most studies on this process, it is assumed that
the catalyst–perester complex can undergo a homolytic dis-
sociation of the perester through coordination of a copper(I)
salt, leading to the formation of a benzoate-copper(II) com-
plex and tert-butoxyl radical.[11]


Two alternative mechanistic pathways can be considered
at this point. According to the mechanism proposed by


Scheme 2. Global mechanism of the Kharasch–Sosnovsky reaction.


Scheme 3. Mechanisms proposed by Beckwith–Zavitsas (dashed arrows),
Slough (wavy arrows), and in this study (solid arrows) for the generation
of the allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate. Carbon atoms pro-
ceeding from the vinylic atoms of cyclohexene are shown as solid circles,
whereas vinylic/allylic scrambled atoms are represented by open circles.


Chem. Eur. J. 2008, 14, 9274 – 9285 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9275


FULL PAPER



www.chemeurj.org





Beckwith and Zavitsas in 1986,[12] an allylicic hydrogen from
a cyclohexene molecule is abstracted by a tert-butoxyl radi-
cal, leading to the cyclohexenyl radical and tert-butanol. In a
subsequent step, the allylic radical binds to the copper atom
of the benzoate-copper(II) cation to generate the corre-
sponding allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate.


A different reaction mechanism has recently been pro-
posed by Slough for the Kharasch–Sosnovsky reaction.[9] Ac-
cordingly, hydrogen abstraction takes place between the
tert-butoxyl radical and the ligand-bound benzoate-cyclohex-
ene-copper(I) ion to yield a Cu�C s-bond in an intermolec-
ular reaction, a process that involves formal p-bond migra-
tion in the organometallic species.


Although both the Beckwith–Zavitsas and Slough mecha-
nisms are based on the intermediacy of tert-butoxyl free rad-
ical, no such a species is necessarily required in the Khar-
asch–Sosnovsky reaction. For example, a concerted mecha-
nism for the acyloxylation of the catalyst–olefin complex
may be envisaged, in an analogous way to the pathway pro-
posed for the allylic amination of alkenes with phenylhy-
droxylamine catalyzed by iron–phthalocyanine.[13] However,
such a concerted mechanism is incompatible with experi-
mental results on the Kharasch–Sosnovsky reaction between
cyclohexene and 18O-carbonyl-labeled tert-butyl perben-
zoate, which indicate scrambling between both oxygen
atoms in the reaction product.[14]


Experimental studies on the H2O2 decomposition by sev-
eral copper(I) complexes have shown the existence of ele-
mentary reactions that are very similar to oxidation process-
es induced by the HOC radical, although the corresponding
reaction rates are lower by several orders of magnitude.[15,16]


In fact, the reactivity of H2O2/copper(I) systems with a
number of radical scavengers can be attributed to the partic-
ipation of “crypto-OH radicals”,[17] probably corresponding
to transient copper ACHTUNGTRENNUNG(III) complexes.[16] Similarly, we postulate
that the real oxidant species of the Kharasch–Sosnovsky re-
action is a copper ACHTUNGTRENNUNG(III) complex (“crypto-alkoxyl radical”),
which is analogous to the stable coordination compound
generated by oxidative addition of dibenzoyl peroxide to
copper(I) chloride in pyridine.[18]


It is known that some copper ACHTUNGTRENNUNG(III) complexes can abstract
hydrogen atoms from C�H bonds.[19] Accordingly, we pro-
pose here the abstraction of an allylic hydrogen atom of cy-
clohexene by a tert-butoxo group [bound to a benzoate-
mebox-copper ACHTUNGTRENNUNG(III) complex] rather than a tert-butoxyl free
radical, as assumed by Slough. The corresponding reaction
mechanism involving a “crypto-alkoxyl radical” is similar to
that proposed in 1959 by Denney et al. ,[14] albeit modified to
replace the original copper(II) cation by a Cu+ ion (as sug-
gested by Berglund and Lawesson).[20] The allyl-copper ACHTUNGTRENNUNG(III)
key reaction intermediate is thus formed, in an analogous
way to the reaction mechanisms proposed by Beckwith–Za-
vitsas and Slough.


A major difference between the Beckwith–Zavitsas reac-
tion mechanism and those proposed by Slough and us lies
on the possibility of scrambling between the vinylic and al-
lylic carbon atoms in the final product. Thus, the participa-


tion of an allylic free radical in the Beckwith–Zavitsas reac-
tion mechanism leads to the equivalence of vinylic and allyl-
ic carbon atoms, whereas the pathways involving the hydro-
gen abstraction of a copper–alkene complex (proposed by
Slough and us) can explain a different fate for both types of
atoms.


Nevertheless, a reaction pathway allowing the scrambling
of former vinylic and allylic hydrogens from cyclohexene
can also be involved irrespective of the mechanism for the
formation of the allyl-copperACHTUNGTRENNUNG(III) intermediate. In particu-
lar, we postulate here the haptotropic rearrangement be-
tween (R)- and (S)-epimers of the allyl-copper ACHTUNGTRENNUNG(III) key reac-
tion intermediate (Scheme 4). Such a reaction mechanism is
analogous to the pathways invoked to explain the results on
regio- or stereoselectivity on several kinds of reactions in-
volving allyl-copper ACHTUNGTRENNUNG(III) reaction intermediates.[21] Further-
more, theoretical calculations have indicated that allyl-
copper ACHTUNGTRENNUNG(III) compounds can adopt both h1- and h3-coordina-
tion types, which can readily interconvert,[22,23] (in a similar
way to the well-known h3!h1!h3 isomerization of allyl-pal-
ladium complexes).[24]


Interestingly, experimental studies on the vinylic/allylic
scrambling in Kharasch–Sosnovsky reactions show different
results depending on the particular reaction conditions.
Thus, the different regioselectivities observed in the reac-
tions of allylbenzene (71:29) and (E)-prop-1-enylbenzene
(100:0) under the same conditions (tert-butyl peracetate, cat-
alyzed by CuCl at 70 8C)[25] indicate that a common reaction
intermediate (cinnamyl free radical) cannot participate in
both processes. Instead, a study using 3,3,6,6-tetradeuterocy-
clohexene showed a slight preference for the reaction com-
pound involving a net p-bond migration,[9] that we attribute
to the shift of the thermodynamic equilibrium between two
isotopomers of the allyl-copperACHTUNGTRENNUNG(III) key reaction intermedi-
ate, similarly to experimental results on deuterated cyclo-
hex-2-enol.[26]


The difficulty of distinguishing between the reaction
mechanisms proposed by Slough and us on the basis of
common experimental data must be remarked. Thus, the
formation of acetone in some Kharasch–Sosnovsky reactions
has been attributed to the b-scission of tert-butoxyl radi-
cal,[27] whereas we think that such a feature can also be justi-
fied by means of the participation of a crypto-alkoxyl radi-
cal.


Scheme 4. Haptotropic rearrangement between (R)- (left) and (S)-
(right) diastereomers of the allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate
through an h3 isomer (middle). Carbon atoms from the vinylic atoms of
cyclohexene (according to the reaction mechanisms proposed by Slough
or us) are shown as filled cirles.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9274 – 92859276


L. Salvatella et al.



www.chemeurj.org





Two alternative reaction mechanisms for the reductive
elimination of the allyl-copperACHTUNGTRENNUNG(III) key reaction intermedi-
ate can be envisaged. Thus, a step involving the migration of
the p-bond (named by some authors as a pericyclic reaction)
has been usually assumed.[1] In contrast, a step involving the
p-bond retention has been proposed for the reductive elimi-
nation of a different allyl-copper ACHTUNGTRENNUNG(III) complex (see
Scheme 5).[28]


A great challenge for chemists working on the Kharasch–
Sosnovsky reaction catalyzed by chiral complexes concerns
understanding the factors affecting the stereochemical con-
trol of the reaction, an area that would allow a better design
of catalysts. In this respect, particular attention has been
paid to understanding the reductive elimination of the allyl-
copper ACHTUNGTRENNUNG(III) intermediate. Although a reaction model was
proposed by Andrus and co-workers[29] for the Kharasch–
Sosnovsky reaction between cyclohexene and tert-butyl per-
benzoate catalyzed by chiral bisoxazolines, neither experi-
mental nor theoretical evidence of the interactions that de-
termine the stereoselectivity have been provided.


To the best of our knowledge, the work described here in-
volves the first theoretical study on the mechanism of the
Kharasch–Sosnovsky reaction. A typical benchmark reaction
(cyclohexene + tert-butyl benzoate ! cyclohex-2-enyl ben-
zoate + tert-butyl alcohol) has been considered. As a chiral
catalyst model, we considered the complex of the copper(I)
ion with mebox, which can be considered as a model for typ-
ical C2-symmetric bisoxazolines.[7]


Computational Methods


A comprehensive mechanistic study of the Kharasch–Sosnovsky reaction
was carried out using a medium-sized model including the following reac-
tants: mebox-copper(I) cation as the catalyst, cyclohexene as the olefin,
and tert-butyl perbenzoate as the perester.


The B3LYP functional was used throughout the study because of its
good performance on binding energies for CuI[30,31] and CuII[30] ions with
small organic molecules, as well as the reactivity of organocopper(I) and
organocopper ACHTUNGTRENNUNG(III) species.[32] The 6-31G* basis set was chosen because of


its good performance in several studies on copper derivatives as well as a
number of copper-catalyzed reactions (such as formation of carbene-
copper complexes,[33] cyclopropanation,[34] conjugate addition,[35] amine
addition to diynes,[36] and cyclization of carbonyl ylides).[37] RB3LYP cal-
culations were used for closed-shell models, whereas UB3LYP computa-
tions were applied to open-shell systems.


All energy minima and transition states (TS) were fully optimized. No
solvent correction was considered since all Cu complexes bear the same
charge, namely +1e. Analytical frequencies were calculated at the
B3LYP/6-31G* level and the nature of each stationary point was deter-
mined according to the appropriate number of negative eigenvalues of
the exact Hessian matrix. Non-scaled frequencies were used for the com-
putation of thermodynamic properties. All calculations were carried out
using the Gaussian03 package.[38]


Unless stated otherwise, Gibbs free energies at 25 8C are used for the dis-
cussion on the relative stabilities of the chemical structures considered
throughout this work. Hard data on geometries, electronic energies, and
Gibbs free energies of all structures considered are available as Support-
ing Information.


Results and Discussion


Formation of the allyl-copperACHTUNGTRENNUNG(III) key reaction intermediate


Ligand exchange : The ligand exchange between cyclohex-
ene and tert-butyl perbenzoate for the catalyst complex can
take place through a mebox-copper(I) complex binding both
ligands (Figure 1, left). According to our calculations, the
formation of such a species is slightly favored (by
2.1 kcalmol�1), whereas the subsequent step leading to the
catalyst–perester chelate (Figure 1, right) is slightly disfa-
vored (by 0.2 kcalmol�1). As a consequence, the perester/cy-
clohexene ligand exchange is slightly favored (by
1.9 kcalmol�1). It can be observed that both copper(I) com-
plexes show a tetrahedral geometry around the metal atom,
in agreement with typical tetracoordinated copper(I) com-
plexes.[39]


The allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate plays a
major role in the mechanism of the Kharasch–Sosnovsky re-
action according to all three reaction mechanisms consid-
ered (Beckwith–Zavitsas, Slough and our own model). Inter-
estingly, four isomers (depending on the geometrical ar-


Scheme 5. Reductive elimination of the allyl-copperACHTUNGTRENNUNG(III) key reaction in-
termediate involving migration (top) or retention (bottom) of the p-
bond. Carbon atoms from the vinylic atoms of cyclohexene (according to
reaction mechanisms proposed by Slough and us) are shown in purple.


Figure 1. Geometries of the tert-butyl perbenzoate-cyclohexene-mebox-
copper(I) complex (left) and the tert-butyl perbenzoate-mebox-copper(I)
ion (right), according to B3LYP/6-31G* calculations. Some selected bond
lengths (P) are also shown.
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rangement of copper and the absolute configuration of the
copper-bound carbon atom) for such a species can be found
(shown in Figure 2).


Similar energies are found for structures in which the
copper is in a square-planar tetracoordinated geometry in
comparison with the trigonal bipyramidal pentacoordinated
arrangement. A preference (by 1.8 kcalmol�1) for the tetra-
coordinated geometry is observed for the (R)-epimer,
whereas a slight predilection (by 0.2 kcalmol�1) for the pen-
tacoordinated arrangement is found for the (S)-stereoiso-
mer. Comparison of the most stable geometries of both en-
antiomers shows a preference (by 2.2 kcalmol�1) for (R)-
epimer.


The relative stability of the square-planar tetracoordinat-
ed geometry of the allyl-copper ACHTUNGTRENNUNG(III) intermediate is consis-
tent with experimental[10] and theoretical data on a substitut-
ed cyclohexenyl-copper ACHTUNGTRENNUNG(III) complex.[40] Instead, the occur-
rence of a low-energy trigonal bipyramidal arrangement,
analogously to a different copper ACHTUNGTRENNUNG(III) complex,[41] provides
an explanation for the total 16O/18O scrambling in a Khar-
asch–Sosnovsky reaction product using 18O-carbonyl-labeled
tert-butyl perbenzoate.[14]


According to our calculations, the formation of the (R)-
epimer of the allyl-copperACHTUNGTRENNUNG(III) intermediate and tert-butanol
(starting from the perester–catalyst complex and cyclohex-
ene) is thermodynamically favored (by 37.0 kcalmol�1). As
a consequence, the formation of the allyl-copper ACHTUNGTRENNUNG(III) com-
plex can be regarded as essentially irreversible. Three differ-
ent reaction mechanisms can be considered for such a pro-
cess and these are discussed below.


Beckwith–Zavitsas mechanism : In the reaction mechanisms
of Beckwith–Zavitsas[12] and Slough,[9] it is assumed that the
tert-butyl perbenzoate–catalyst complex undergoes a homo-
lytic dissociation of the perester O�O bond, leading to the
formation of the tert-butoxyl radical and benzoate-mebox-
copper(II) ion[11] (see Scheme 3).


All relevant stationary points of the Beckwith–Zavitsas
mechanism have been calculated, the corresponding ener-
gies being gathered in the Supporting Information. Interest-
ingly, our computations predict that the recombination of
benzoate-mebox-copper(II) ion and cyclohex-2-enyl radical
(leading to the allyl-copperACHTUNGTRENNUNG(III) key reaction intermediate
formation) is thermodynamically disfavored (by 10.8 kcal
mol�1). Such a surprising result can be attributed to the
well-known underestimation of bond energies for organic[42]


and organometallic[43] compounds by B3LYP calculations.
Such an artifact is a very common error for density function-
al methods and this has been attributed to the overstabiliza-
tion of free radicals caused by the self-interaction error.[44]


As a consequence, no reliable conclusions by comparing en-
ergies of open and closed-shell systems can be drawn at
B3LYP level.


According to the Beckwith–Zavitsas mechanism, a non-
coordinated molecule of cyclohexene is attacked by a tert-
butoxyl radical. The calculated TS (shown in Figure 3) has
an approximately linear C···H···O arrangement (1658). Our
calculations predict a significant activation free energy
(12.3 kcalmol�1) but a lower value for the activation enthal-
py (1.6 kcalmol�1), in a similar way to experimental data for
the reactions of methoxyl radical + cyclohexene (3.7 kcal
mol�1)[45] or tert-butoxyl radical + cyclopentene (2.35 kcal
mol�1).[46]


Some information on the geometry of the C�H···O ar-
rangement (linear vs bent) in TSs of hydrogen-transfer reac-
tions can be obtained from experimental kinetic isotope ef-
fects (KIE).[47] For example, the nearly linear C�H···O ge-
ometry (1658) calculated for the cyclohexene + tert-butoxyl
radical reaction is consistent with experimental data for re-
lated systems (such as the benzylic hydrogen abstraction
from toluene by the photochemically-generated tert-butoxyl
radical).[48] In contrast, experimental KIEs for the hydrogen
abstraction of allylbenzene by the tert-butoxyl radical in the
presence of Cu+ ions can only be explained by assuming a
bent C�H···O geometry.[49]


Figure 2. Geometries of four isomers of the allyl-copper ACHTUNGTRENNUNG(III) key reaction
intermediate, according to B3LYP/6-31G* calculations. Structures show-
ing a square-planar tetracoordinated (trigonal bipyramidal pentacoordi-
nated) geometry are gathered on top (bottom), whereas species with the
R (S) absolute configuration are shown on the left (right). Some selected
distances (P) are also shown.


Figure 3. Geometry of the TS corresponding to the Beckwith–Zavitsas
mechanism, according to B3LYP/6-31G* calculations. Some selected dis-
tances (P) and an angle are shown.
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Our theoretical calculations on the TS for the hydrogen
abstraction between cyclohexene and the tert-butoxyl free
radical (indicating a nearly linear C�H···O geometry) allows
the Beckwith–Zavitsas mechanism to be ruled out. Such an
interpretation is consistent with experimental data on Khar-
asch–Sosnovsky reactions that show the absence of reaction
products derived from the coupling of allylic free radicals.
In contrast, significant amounts of 1,1’-bi(cyclohex-2-ene)
are formed in cyclohexene oxidation reactions involving
free radicals (such as the thermal reaction with acetyl perox-
ide[50] or some catalyzed oxidation reactions with alkyl hy-
droperoxides).[51]


Slough mechanism : According to the Slough mechanism,
the coordination of cyclohexene to the benzoate-mebox-
copper(II) ion is considered as a step prior to the hydrogen
abstraction reaction. The resulting complex (shown in
Figure 4) displays a square-pseudopyramidal arrangement,
cyclohexene occupying the apical position. Nevertheless, cal-
culations indicate that the formation of such a complex is
thermodynamically disfavored by 7.8 kcalmol�1, in agree-
ment with the well-known low affinity of copper(II) com-
plexes for olefins.


Two different TSs (shown in Figure 5) can be considered
for the hydrogen transfer of the Slough mechanism, depend-
ing on the absolute configuration of the cyclohexenyl group
in the complex being formed.


Interestingly, a bent C�H···O arrangement is predicted in
both hydrogen transfer TSs for the Slough mechanism (1358
in both structures) and this is in contrast with the nearly
linear geometry predicted for the Beckwith–Zavitsas path-
way.


Our calculations indicate a slight preference (by
0.9 kcalmol�1) for the stereoisomeric TS leading to the (S)-
epimer of the allyl-copperACHTUNGTRENNUNG(III) key reaction intermediate, a
situation in agreement with the existence of steric repulsion
between a cyclohexene allylic hydrogen and a bisoxazoline
substituent. As a consequence, formation of the S [rather
than R] stereoisomer of the allyl-copperACHTUNGTRENNUNG(III) key reaction in-
termediate is predicted to be the fastest for the Slough
mechanism. An activation barrier of 49.8 kcalmol�1 is calcu-


lated for the allylic hydrogen abstraction of the cyclohex-
ene–catalyst complex by the tert-butoxyl radical.


Interestingly, the comparison between the activation bar-
riers of Beckwith–Zavitsas and Slough mechanisms shows
that the hydrogen abstraction of cyclohexene by tert-butoxyl
radical must occur preferably by a naked molecule, in con-
trast with the conclusions of a related experimental study.[9]


Proposal of a new reaction mechanism : B3LYP/6-31G* re-
sults corresponding to the O�O bond dissociation of the
perester–catalyst complex to yield the allyl-copper ACHTUNGTRENNUNG(III) key
reaction intermediate show that such a reaction is thermody-
namically favored (by 21.9 kcalmol�1).


Two alternative pathways (Scheme 6) can be envisaged
for such a process, in an analogous way to the reaction
mechanisms proposed for the oxidative addition of dibenzo-
yl peroxide to copper(I) chloride in pyridine.[18] One possi-
ble route corresponds to a two-step path involving the ho-
molytic cleavage of the O�O bond leading to the formation
of the benzoate-mebox-copper(II) ion and tert-butoxyl radi-
cal, which would subsequently recombine through Cu�O
bond formation. As an alternative mechanism, the copper
atom of the tert-butyl perbenzoate-mebox-copper(I) ion can
undergo an one-step oxidative addition of the O�O bond of
perester moiety, leading to a copper ACHTUNGTRENNUNG(III) complex, in an
analogous way to the pathway proposed for the dissociation
of hydrogen peroxide coordinated to the Fe+ ion.[52]


According to B3LYP/6-31G* calculations on the TS cor-
responding to the concerted cleavage of the peroxide bond,
a tetrahedral coordination for the copper atom and an O–O
distance of 2.021 P are found (Figure 6, left).


A low activation barrier (6.5 kcalmol�1) for the concerted
oxidative addition of the catalyst–perester complex is ob-
tained. Moreover, since calculations show that this process
is thermodynamically favored by 21.9 kcalmol�1, it can be
inferred that the oxidative addition of the perester to the
catalyst is essentially irreversible. The low value of the acti-
vation barrier calculated for the copper-catalyzed dissocia-
tion contrasts with the high experimental value for the non-


Figure 4. Geometry of the benzoate-cyclohexene-mebox-copper(II) ion,
according to B3LYP/6-31G* calculations. Some selected bond lengths
(P) are also shown.


Figure 5. Geometries of both TSs corresponding to the Slough mecha-
nism leading to (R)- (left) and (S)- (right) epimers of the allyl-copper-
ACHTUNGTRENNUNG(III) key reaction intermediate, according to B3LYP/6-31G* calculations.
Some selected distances (P) and angles are also shown.
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catalyzed tert-butyl perbenzoate reaction (31.4 kcalmol�1,
extrapolated to 25 8C).[53]


Our computations on the resulting benzoate-tert-butoxo-
mebox-copper ACHTUNGTRENNUNG(III) ion in the most stable geometry
(Figure 6, right) predict a square-based pyramidal geometry
for the copper atom, which is in agreement with X-ray dif-
fraction data for a different pentacoordinated copper ACHTUNGTRENNUNG(III)
compound.[18]


Although an intermolecular mechanism may be proposed
for the cyclohexene allylic hydrogen abstraction by the
crypto-alkoxyl radical, intrinsic reaction coordinate calcula-
tions for such a process have indicated the existence of the
benzoate-tert-butoxo-cyclohexene-mebox-copperACHTUNGTRENNUNG(III) ion
(Figure 7) as a reaction intermediate. The occurrence of
such a species is consistent with the typical reaction mecha-
nism for the conjugate addition of organocuprate com-
pounds to enoates that involve an olefin-copper ACHTUNGTRENNUNG(III) ion as a
reaction intermediate.[54]


The previous coordination of cyclohexene to the crypto-
alkoxyl radical means that the abstraction of the allylic hy-
drogen atom takes place in an intramolecular step. In the
most stable isomer, the cyclohexene ligand of such a reac-
tion intermediate is arranged appropriately for an intramo-
lecular hydrogen transfer with the tert-butoxo group.


A trigonal-based bipyramidal coordination for the copper
atom is found for the benzoate-tert-butoxo-cyclohexene-
mebox-copper ACHTUNGTRENNUNG(III) ion and the equatorial positions are oc-


cupied by a mebox ligand and cyclohexene, whereas the
apical positions are occupied by benzoate and tert-butoxo
groups. Depending on the relative orientation of the tetra-
methylene chain of cyclohexene (included alternatively in
the benzoate or tert-butoxo hemispheres), two stereoisomers
can be envisaged.


According to B3LYP/6-31G* calculations, the binding of
cyclohexene to the benzoate-tert-butoxo-mebox-copper ACHTUNGTRENNUNG(III)
ion is thermodynamically disfavored (by 25.6 kcalmol�1 for
the most stable stereoisomer), which is consistent with the
experimental preference of the copper ACHTUNGTRENNUNG(III) ion for tetracoor-
dination and its low affinity for alkene ligands.[55]


Two different TSs (shown in Figure 8) for the intramolec-
ular hydrogen transfer of the benzoate-tert-butoxo-cyclohex-
ene-mebox-copper ACHTUNGTRENNUNG(III) ion can be considered, depending on
the absolute configuration of the copper-bound carbon atom
of the resulting complex. Our calculations predict a bent C�
H···O arrangement (1548) for both TSs, which is similar to
the structure predicted in our computations on the Slough
mechanism. It must be stressed that such an angular geome-
try provides an explanation of the experimental KIE on the
hydrogen abstraction of allylbenzene by the tert-butoxyl rad-
ical in the presence of Cu+ ions.[49] Interestingly, such exper-
imental data have been previously attributed to the occur-
rence of a stabilizing interaction between the olefin p-bond
and the open-shell oxygen atom,[49,56] although previous the-
oretical studies that have ignored the effect of the copper
atom effect are unable to support such a hypothesis.[57] Ac-
cording to our calculations, the hydrogen migration pro-
posed in our mechanism involves a low activation barrier
(7.1 kcalmol�1 in the preferred TS). As a consequence, a
total activation barrier of 32.7 kcalmol�1 (by taking cyclo-
hexene and the crypto-alkoxyl radical as references) is cal-
culated.


A net distinction between all three reaction mechanisms
for the formation of the allyl-copper ACHTUNGTRENNUNG(III) key reaction inter-
mediate can be achieved on the basis of energy results. In
this respect, it must be stressed that calculations predict a
clear preference (by 15.5 kcalmol�1) for the TS correspond-
ing to the intramolecular abstraction (corresponding to the


Scheme 6. Alternative pathways for the oxidative addition for the tert-
butyl perbenzoate-mebox-copper(I) ion leading to the allyl-copperACHTUNGTRENNUNG(III)
key reaction intermediate.


Figure 6. Geometries of the TS (left) and the reaction product (right) for
the oxidative addition for the tert-butyl perbenzoate-mebox-copper(I)
ion, according to B3LYP/6-31G* calculations. Some selected bond
lengths (P) are also shown.


Figure 7. Geometry of the benzoate-tert-butoxo-cyclohexene-mebox-
copperACHTUNGTRENNUNG(III) ion (most stable isomer), according to B3LYP/6-31G* calcu-
lations. Some selected distances (P) are shown.
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mechanism proposed by us) in comparison with the isomeric
intermolecular structure (Slough pathway). As a conse-
quence, the Slough reaction mechanism can be ruled out on
the basis of the corresponding high activation energy. It
should be noted here that the reaction mechanism proposed
here for the formation of the allyl-copper ACHTUNGTRENNUNG(III) key reaction
intermediate is consistent with all available experimental
data.


Both calculated stereoisomeric TSs of the intramolecular
hydrogen transfer lead to the corresponding epimers of the
resulting benzoate-tert-butanol-h1-cyclohex-2-enyl-mebox-
copper ACHTUNGTRENNUNG(III) ion (depending on the absolute configuration of
the cyclohexenyl group). Our calculations predict a prefer-
ence for the formation of the (R)-isomer of the benzoate-
tert-butanol-h1-cyclohexenyl-mebox-copper ACHTUNGTRENNUNG(III) ion rather
than the (S)-counterpart (shown in Figure 9) in terms of ac-


tivation barriers (7.1 vs 8.1 kcalmol�1) and reaction free en-
ergies (�24.0 vs �19.1 kcalmol�1). In a subsequent step,
both the (R)- and (S)-epimers of the latter species can lose
the tert-butanol ligand to yield the corresponding allyl-
copper ACHTUNGTRENNUNG(III) reaction intermediate stereoisomers by follow-
ing thermodynamically favored processes (by 15.7 and
18.9 kcalmol�1, respectively).


The results reported here support the new mechanism
proposed in this paper. Thus, calculations predict the ready
(either one- or two-step) cleavage of the O�O bond in the
catalyst–perester complex to yield the crypto-alkoxyl radi-
cal. The later species can react with a cyclohexene molecule
to yield an intermediate addition complex, which can under-
go an intramolecular hydrogen migration to yield the ben-
zoate-tert-butanol-h1-cyclohexenyl-mebox-copper ACHTUNGTRENNUNG(III) ion.
The latter species can lose tert-butanol to yield the allyl-
copper ACHTUNGTRENNUNG(III) key reaction intermediate.


Stereoselectivity of the reaction


Haptotropic rearrangement : Interconversion between (R)-
and (S)-epimers of the benzoate-tert-butoxo-h1-cyclohexen-
yl-mebox-copper ACHTUNGTRENNUNG(III) ion can take place through an h1!
h3!h1 haptotropic rearrangement. Calculated structures
corresponding to energy minima and TSs involved in this
process are shown in Figure 10.


B3LYP/6-31G* calculations on the h3 isomer of the allyl-
copper ACHTUNGTRENNUNG(III) key reaction intermediate predict a trigonal
pseudo-pyramidal coordination for the copper atom (ben-
zoate group occupying the apical position). Interestingly, a
significant tilt in the cyclohexenyl group can be observed in
a front view in such way that this ligand is oriented towards


Figure 8. Geometries of both TSs corresponding to the intramolecular hy-
drogen transfer of benzoate-tert-butoxo-cyclohexene-mebox-copperACHTUNGTRENNUNG(III)
ion to yield the (R)- (left) and (S)- (right) epimers of the benzoate-tert-
butanol-h1-cyclohex-2-enyl-mebox-copper ACHTUNGTRENNUNG(III) ion, according to B3LYP/
6-31G* calculations. Some selected distances (P) and bond angles are
shown.


Figure 9. Geometries of (R)- (left) and (S)- (right) epimers of the ben-
zoate-tert-butanol-h1-cyclohex-2-enyl-mebox-copper ACHTUNGTRENNUNG(III) ion, according to
B3LYP/6-31G* calculations.


Figure 10. Geometries of the structures involved in the epimerization be-
tween (R)- (top, left) and (S)- (top, right) epimers of the allyl-copper ACHTUNGTRENNUNG(III)
key reaction intermediate via the h3 isomer (bottom), according to
B3LYP/6-31G* calculations.
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the non-hindered quadrants[7] of the mebox ligand, similar
experimental data were found for an h3-cyclohexenyl–palla-
dium(II) complex bearing a C2-symmetric ligand.[58] Free
energy calculations on the allyl-copperACHTUNGTRENNUNG(III) key reaction in-
termediate show that h1-coordination is preferred over h3-
coordination by 7.6 kcalmol�1 (Figure 11), a situation in
qualitative agreement with previous calculations on some
allyl-copper ACHTUNGTRENNUNG(III) derivatives.[23]


Both calculated TSs for the reactions connecting the h3-
isomer of the allyl-copperACHTUNGTRENNUNG(III) key reaction intermediate
with the (R)- and (S)-epimers of the corresponding h1-
isomer (Figure 10) show a trigonal pseudopyramidal coordi-
nation for the copper atom and present similar free ener-
gies.


Reductive elimination : The binding between cyclohexenyl
and benzoate fragments, as well as the regeneration of the
+ I oxidation state of the copper atom along the catalytic
cycle can be explained in terms of a reductive elimination of
the allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate. The calculat-
ed activation energies for both mechanisms of the reductive
elimination (see Figure 12) indicate a clear preference for
the path involving migration (7.5 kcalmol�1, Figure 12)
rather than retention (17.7 kcalmol�1, Figure 13) of the C=C
bond.


These results agree with a theoretical study by Nakamura
showing that the reductive elimination of an allyl-copper-
ACHTUNGTRENNUNG(III) complex occurs preferentially through the terminal vi-
nylic atom (rather than the copper-bound carbon atom).[22]


Two stereoisomeric approaches can be distinguished for
the reductive elimination reaction depending on the (R)
(Figure 12, top) or (S) (Figure 12, bottom) stereochemistry
of the allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate involving
the p-bond migration. Interestingly, the (R)-isomer leads to
the (S)-reaction product, whereas the (S)-allyl-copper ACHTUNGTRENNUNG(III)
reaction intermediate yields the (R)-final product.


Comparison of the two stereoisomeric TSs in the reduc-
tive elimination involving p-bond migration (Figure 12)
shows a preference (by 0.5 kcalmol�1) for the structure that
transforms the (R)-allyl-copper ACHTUNGTRENNUNG(III) intermediate into the
catalyst-bound (S)-reaction product, whereas the lower sta-


bility of the other TS can be attributed to the occurrence of
a steric repulsion between the bisoxazoline substituent and
the cyclohexene moiety.


Two extreme hypotheses (named as Curtin–Hammett and
anti-Curtin–Hammett)[59] can be considered as alternatives
to explain the stereochemistry-controlling step in the Khar-
asch–Sosnovsky reaction. According to the Curtin–Hammett
principle, a very fast interconversion (in comparison with
the reaction rate of the reductive elimination step) between
the two epimers of the allyl-copper ACHTUNGTRENNUNG(III) key reaction inter-
mediate would occur. As a consequence, the stereochemistry
of the Kharasch–Sosnovsky reaction would be determined
by the energy difference between the two stereoisomeric
TSs corresponding to the reductive elimination step.


According to the anti-Curtin–Hammett hypothesis, no in-
terconversion between the two stereoisomers of the allyl-
copper ACHTUNGTRENNUNG(III) intermediate would take place. In this case, the


Figure 11. Energy diagram showing the haptotropic rearrangement and
reductive elimination of both epimers of the benzoate-cyclohexenyl-
mebox-copper(I) ion. B3LYP/6-31G* relative free energies (in kcal
mol�1) and absolute configurations are shown in parentheses.


Figure 12. Geometries of the TSs and reaction products for the reductive
elimination of (R)- (top) and (S)- (bottom) stereoisomers of the allyl-
copperACHTUNGTRENNUNG(III) key reaction intermediate involving p-bond migration, ac-
cording to B3LYP/6-31G* calculations. Some selected distances (P) are
also shown.


Figure 13. Geometry of the TS of the reductive elimination of the (R)-
epimer of the allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate involving the
retention of the p-bond. Some selected bond lengths (P) are also shown.
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stereochemistry of the final product would be controlled by
the energy difference between the TSs corresponding to the
irreversible formation of the two epimeric reaction inter-
mediates.


Both Curtin–Hammett and anti-Curtin–Hammett hypoth-
eses are incompatible with our computational results since
very close activation barriers for the steps involving R/S in-
terconversion of the allyl-copperACHTUNGTRENNUNG(III) key reaction inter-
mediate and the corresponding reductive elimination are
found [8.4 and 7.5 kcalmol�1, respectively, for the (R)-reac-
tion intermediate; 6.2 and 5.9 kcalmol�1, respectively, for
the (S)-reaction intermediate]. Hence, our calculations pre-
dict that the enantioselectivity of the Kharasch–Sosnovsky
reaction is time-dependent and must follow a complex for-
mula depending on the kinetic constants of all steps in-
volved.[59]


It can be seen from Figure 11 that the reductive elimina-
tion reaction of the (R)-allyl-copper ACHTUNGTRENNUNG(III) intermediate leads
to the formation of the (S)-enantiomer of cyclohex-2-enyl
benzoate, whereas the opposite (S)-stereoisomer of the
starting species yields the (R)-reaction product. Interesting-
ly, B3LYP/6-31G* calculations indicate a negligible energy
difference (0.0 kcalmol�1) for the mebox-copper(I) com-
plexes with (R)- and (S)-stereoisomers of cyclohex-2-enyl
benzoate.


A moderate preference (at steady state) can be calculated
for the formation (at 25 8C) of the (S)-enantiomer of cyclo-
hex-2-enyl benzoate (58% ee), with such a value being inter-
mediate between those calculated for Curtin–Hammett
(43% ee) and anti-Curtin–Hammett (69% ee) conditions.
The calculated (S)-preference is very close to the experi-
mental data (at 23 8C) for reactions involving several (S,S)-
C2-symmetric disubstituted dimethylbisoxazolines (iPr: 61%
ee ; tBu: 60% ee ; Ph: 67%
ee).[60] Our calculated TSs
allows us to propose a new re-
action model for a chiral Khar-
asch–Sosnovsky reaction, which
is based on the stereoselectivity
of two reaction steps: the for-
mation of the allyl-copper ACHTUNGTRENNUNG(III)
intermediate and the corre-
sponding reductive elimination.
It can be remarked that the re-
markable prediction of the
enantioselectivity of the Khar-
asch–Sosnovsky reaction in-
volves a higher degree of com-
plexity degree than that pro-
posed by Andrus, for which
only the reductive elimination
step was considered.[29]


Since the experimental re-
sults from a Kharasch–Sosnov-
sky reaction involving isotopi-
cally labeled cyclohexene indi-
cate a significant scrambling be-


tween vinylic and allylic carbon atoms in the reaction prod-
uct, we can infer that the epimerization of the copper ACHTUNGTRENNUNG(III)
intermediate is produced at a similar rate to the correspond-
ing reductive elimination. This finding is analogous to that
reported in an experimental study on several enantiomeri-
cally pure h1-cyclohexenyl-metal derivatives (M=Li, Mg,
Ti), which showed the competition between the haptotropic
rearrangement and the nucleophilic addition to an alde-
hyde.[61]


It can be stated that a Curtin–Hammett situation would
lead to a complete scrambling between vinylic and allylic
carbon atoms, whereas no scrambling should be expected
for the anti-Curtin–Hammett hypothesis. Thus, our results
(indicating partial scrambling) show an intermediate behav-
ior between experimental results corresponding to two relat-
ed Kharasch–Sosnovsky reactions (suggesting full[9] or
scarce scrambling).[25] Evidently, the complexity of the ex-
perimental reaction conditions (role of counterion, specific
solvent interactions, different catalyst ligand, isotope label-
ing, etc.) can affect to the significance of carbon scrambling.


A distorted pseudo-tetrahedral coordination sphere is pre-
dicted for copper in both TSs of the reductive elimination of
the allyl-copper ACHTUNGTRENNUNG(III) intermediate (Figure 12), in contrast
with the distorted square-planar coordination assumed in
the model proposed by Andrus and co-workers.[29] In partic-
ular, the C=C bond of the cyclohexene ligand is oriented
along a line roughly parallel to the pseudo-C2 symmetry axis
of the mebox ligand. As a consequence, cyclohexene is
placed in a non-hindered quadrant of the catalyst in the TS
arising from the (R)-stereoisomer of the allyl-copper ACHTUNGTRENNUNG(III) re-
action intermediate, whereas it occupies a hindered quad-
rant in the structure corresponding to the (S)-counterpart.


Figure 14. Diagram including activation barriers and reaction free energies (in kcalmol�1) for the Kharasch–
Sosnovsky reaction through the mechanism proposed here, according to B3LYP/6-31G* calculations. The most
stable stereoisomer has been considered for each structure.
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Regeneration of the starting alkene-copper(I) complex : The
Kharasch–Sosnovsky reaction product can be obtained
through ligand exchange between the catalyst reaction prod-
uct complex and cyclohexene, in such way that the catalyst–
cyclohexene complex is regenerated. Theoretical calcula-
tions indicate that such a process is slightly disfavored (by
4.9 kcalmol�1).


Catalytic cycle


An energy diagram of the Kharasch–Sosnovsky reaction (ac-
cording to the reaction mechanism proposed here) is shown
in Figure 14. The catalytic cycle is thermodynamically fa-
vored by 51.3 kcalmol�1. Consideration of the energy dia-
gram shows the occurrence of four significant activation bar-
riers along the catalytic cycle (corresponding to oxidative
addition, hydrogen transfer, reductive elimination and
ligand exchange). Furthermore, comparison between the ac-
tivation barriers (by taking stable reaction intermediates as
a reference) leads to the conclusion that the limiting step of
the Kharasch–Sosnovsky reaction corresponds to the intra-
molecular hydrogen abstraction (Figure 14), which is consis-
tent with kinetic data on such a process that indicate a
pseudo-first order for catalyst, olefin, and perester.[62] The
corresponding activation barrier [32.7 kcalmol�1, if the allyl-
copper ACHTUNGTRENNUNG(III) key reaction intermediate is taken as a refer-
ence] is consistent with typical reaction conditions.


Conclusion


The reaction mechanism of the Kharasch–Sosnovsky reac-
tion has been studied using B3LYP/6-31G* calculations. It
was found that the catalytic cycle is thermodynamically fa-
vored by 51.3 kcalmol�1. A new reaction mechanism has
been proposed that excludes the participation of free radi-
cals but includes the oxidative addition of a copper(I) com-
plex as well as the reductive elimination of a copperACHTUNGTRENNUNG(III) de-
rivative. Such a process is similar to those found in a
number of typical copper salt-catalyzed organic reactions[63]


(such as cross-coupling[64] or conjugate addition).[54, 65] As an
intermediate step, a hydrogen abstraction between the pere-
ster–catalyst complex through the tert-butoxo group (rather
than a tert-butoxyl free radical) and cyclohexene is consid-
ered and this is analogous to the chemistry of crypto-OH
radicals.


The Kharasch–Sosnovsky reaction involves the formation
of two epimers of the allyl-copper ACHTUNGTRENNUNG(III) key reaction inter-
mediate. Our calculations showed that epimerization be-
tween the two h1-allylic complexes can readily take place
through an h3-allylic intermediate.


The reductive elimination of the allyl-copperACHTUNGTRENNUNG(III) key re-
action intermediate takes place through a mechanism in-
volving the p-bond migration. In particular, two diastereo-
meric TSs can be calculated for the reductive elimination of
the allyl-copper ACHTUNGTRENNUNG(III) key reaction intermediate, depending
on the match/mismatch of benzoate and cyclohexenyl


groups with the quadrants defined by the bisoxazoline
methyl substituents. The calculated enantioselectivity of the
Kharasch–Sosnovsky reaction shows good agreement with
experimental results obtained using several bisoxazoline-
copper(I) catalysts.
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Introduction


The development of strategies for controlling the functional-
ization of conductive surfaces, at the molecular level, with
biological, redox-active, or photo/chemical sensitive mole-
cules is of central interest in the development of molecular
electronics,[1] energy conversion,[2] and chemical or biological
sensors.[3] Among the large variety of surface chemistry that
allows a high degree of control over how a conductive sur-
face is modified, thiolates self-assembled monolayers
(SAMs) on gold surfaces are the most popular.[4] Their pop-
ularity arises from their ease of preparation, the well-de-
fined monolayer that results, and the possibility of introduc-
ing a vast number of terminal reactive groups that can serve
subsequently to couple a wide range of species to the sur-
face. However, most coupling methods are hampered by a
difficulty in introducing the reactive groups, a lack of specif-
icity, or a low yield.[5] A significant advance was recently
proposed by Collman, Chidsey, and co-workers, who have


used a click reaction to chemoselectively couple an acety-
lene functionality to an azide-terminated SAM on a gold
electrode by means of a copper(I)-catalyzed Huisgen 1,3-di-
polar cycloaddition.[6] This heterogeneous coupling strategy
was found to be fast, quantitative, reproducible, resistant to
side reactions, and highly tolerant to reaction conditions. It
was hence advantageously used to attach in aqueous solu-
tion and in high yields complex functional molecules, such
as oligonucleotides,[7] porphyrin redox catalysts,[8] receptors,
and proteins,[9] on gold surfaces. Despite the great promise
of such an immobilization strategy, SAMs on gold have a
number of limitations, such as rather slow formation kinetics
(that typically requires 24–36 h), a moderate chemical and
thermal stability,[10] a tendency for photoxidation, and a
narrow electrochemical potential window (1.2 V in aqueous
media).[11] These limitations are aggravated by the use of
short alkanethiols that are often required to ensure fast elec-
tron transfer through the SAM. To overcome these draw-
backs, it would, therefore, be desirable to develop a surface
chemistry that yields a stronger and faster covalent attach-
ment of an azide- or acetylene-terminated layer on an elec-
trode surface. One possibility that has been recently pro-
posed consists of a chemical treatment of graphitic surfaces
by iodine azide reagent.[12] Although this method was effi-
cient for introducing azide groups on a graphitic surface, it
needs safety precautions for handling IN3, a highly explosive
reagent. Another limitation is the relatively low azide sur-
face coverage that results, with a preferential attachment of
the azide groups at the edges of graphene sheets, which is
not ideal for the formation of uniform monolayers. An alter-


Keywords: click chemistry ·
cycloaddition · diazo compounds ·
electrochemistry · surface chemistry


Abstract: The electrochemical reduction of phenylazide or phenylacetylene diazo-
nium salts leads to the grafting of azido or ethynyl groups onto the surface of
carbon electrodes. In the presence of copper(I) catalyst, these azide- or alkyne-
modified surfaces react efficiently and rapidly with compounds bearing an acety-
lene or azide function, thus forming a covalent 1,2,3-triazole linkage by means of
click chemistry. This was illustrated with the surface coupling of ferrocenes func-
tionalized with an ethynyl or azido group and the biomolecule biotin terminated
by an acetylene group.


[a] Dr. D. Evrard, Dr. V. Balland, Dr. B. Limoges
Laboratoire d’Electrochimie Mol;culaire
UMR CNRS 7591, Universit; Paris Diderot
2 place Jussieu, 75251 Paris cedex 05 (France)
Fax: (+33) 144-277-625
Homepage: http://lemp7.cnrs.fr/
E-mail : limoges@univ-paris-diderot.fr


[b] Dr. F. Lambert, Prof. C. Policar
Equipe de Chimie Bioorganique et Bioinorganique
ICMMO, UMR CNRS 8182, Universit; Paris-Sud 11
BCt. 420, 91405 Orsay (France)


D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9286 – 92919286







native consists of functionaliz-
ing carbon surfaces by electro-
chemical reduction of aryl di-
azonium ions.[13] Such a
method was demonstrated for
the electrografting of a wide
variety of substituted aryl mol-
ecules,[14] but never for phenyl-
azide or phenylacetylene di-
azonium salts. Generation of
an aryl radical that couples
with the underlying electrode
to form a robust covalent C�C
bond is the well-accepted
mechanism.[15] Such an electro-
chemically assisted method
offers several advantages over
thiolates SAMs on gold: 1) a
strong linkage of the modifier
to the electrode surface, 2) a
fast surface modification, gen-
erally requiring only few sec-
onds for the formation of a sa-
turated monolayer, 3) an easy
control over functionalization
coverage, and 4) the opportu-
nity to electro-address the
functionalization.


In the present work, we ex-
plored the possibility of graft-
ing a phenylazide or phenyla-
cetylene layer on carbon elec-
trodes by means of electro-
chemical reduction of their
corresponding phenylazide and phenylacetylene diazonium
salts, and then coupling chemoselectively acetylene- or
azide-bearing molecules by click chemistry, as depicted in
Scheme 1. The surface coverage of reactive azide or ethynyl
groups has been quantified electrochemically through the
complementary coupling of simple redox-active probes, that
is, ethynylferrocene (Fc�C�CH) and azidomethylferrocene
(FcMeN3).[16] Finally, the utility of an azide-functionalized
carbon electrode for fast and efficient attachment of a bio-
active molecule in aqueous solution was demonstrated with
the coupling of an acetylene-derivatized biotin that was sub-
sequently indirectly revealed through the sequential specific
binding and electrocatalytic detection of a neutravidin–
horseradish peroxidase conjugate (N–HRP).


Results and Discussion


The diazonium salts of 4-azidobenzene and 4-ethynylben-
zene were prepared by diazotation of their parent aniline
derivatives and isolated as pure tetrafluoroborate salts.
Their cyclic voltammograms (CVs; Figure 1) recorded at a
pyrolytic graphite edge (PGE) electrode in 0.1 m HCl solu-


tion exhibit broad irreversible cathodic peaks at approxi-
mately �0.5 and �0.2 V (vs. SCE), respectively. During the
second and third scans, the peak intensity dramatically de-
creases and the peak potential shifts towards more negative
values, consistent with the formation of a grafted layer on
the electrode surface. At glassy carbon (GC) electrodes, a


Scheme 1. Illustration of the multistep functionalization of carbon electrodes: i) Electroreduction of the diazo-
nium salt for covalent immobilization of phenylazide or phenylacetylene molecules; ii) CuI-catalyzed Huisgen
1,3-dipolar cycloaddition between the immobilized azide or alkyne functions and the soluble molecules (ferro-
cene or biotin derivatives) bearing the corresponding ethynyl or azide group; iii) immobilization of an avidin
conjugated to horseradish peroxidase (HRP).


Figure 1. CVs of a) N3�C6H4�N2
+ and b) HC�C�C6H4�N2


+ (1.3 mm in
0.1m HCl) at a PGE electrode (c : first scan, a : second scan, g :
third scan, d : corresponds to the blank response in a diazonium-free
HCl solution). Scan rate: 0.1 V s�1; T=4 8C.
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faster peak inhibition was observed, exhibiting very low or
undetectable currents after the first scan (not shown).


Because many parameters could affect the density and
quality of the resulting grafted films, it was necessary to
adopt standard conditions for the grafting reaction. The di-
azonium salt concentration was fixed at 1 mm in 0.1 m HCl
maintained at 4 8C. The functionalization of the carbon elec-
trode was carried out by stepping the electrode from open
circuit potential to a constant applied potential, Eappl. , and
holding at that value for a given electrodeposition time, tappl.


The influence of Eappl. was examined for both diazoniums
and the best results were obtained for an applied potential
0.2–0.3 V more negative than the reduction peak potential
of the diazonium salts. Values of Eappl. =�0.8 and �0.4 V
were thus selected for the 4-azidobenzene and 4-ethynylben-
zene diazoniums, respectively. The influence of tappl. was also
examined and an electrodeposition time�1 min was enough
for saturating the surface with a phenylazide or phenylacety-
lene monolayer (vide infra). Once formed, the azide- or
acetylene-modified electrodes were thoroughly rinsed with
water and ethanol to remove any physisorbed species and
then immersed at room temperature (16–20 8C) in an aque-
ous click solution containing appropriate Fc�C�CH or
FcMeN3 (10 mm) and a large excess of 1:1 CuSO4/ascorbic
acid (10 mm) catalyst precursor. After undergoing the click
reaction for a given incubation time, the electrodes were co-
piously washed with water and ethanol, and scanned in 0.1m


KPF6 by cyclic voltammetry. Figure 2 shows typical CVs of
modified PGE or GC electrodes after click reaction. A well-
defined pair of symmetric peaks (E0 = (0.33�0.02) V vs.
SCE), characteristic of the reversible oxidation/reduction of
immobilized ferrocene groups, were obtained. The peak cur-
rent was found to vary linearly with the scan rate from 0.02
to 4 V s�1, which is consistent with a surface-immobilized fer-
rocene. The peak potential difference, DEp, at 0.1 V s�1 was
fluctuated from 45 to 55 mV, depending on the nature of


carbon electrode, whereas the full-width at half-maximum
of the anodic and cathodic peaks was roughly 0.17 V. These
values are greater than those expected for an ideal Nerstian
behavior, which suggests some heterogeneity or interaction
among attached ferrocenes.[17] No peaks corresponding to
the ferrocene redox couple were observed when an azide-
modified GC electrode was incubated with Fc�C�CH in the
absence of CuSO4/ascorbic acid (Figure 2b, a) or when an
unmodified GC electrode was immersed in the click solution
(not shown). Identical results were obtained for the reversed
approach involving the coupling of FcMeN3 to an acetylene-
modified electrode. These control experiments clearly show
that the click reaction is highly specific and that there is no
significant adsorption of Fc�C�CH or FcMeN3 onto the
bare or modified electrode.


Progress in the heterogeneous click reaction was obtained
by recording the voltammetric response of ferrocene as a
function of incubation time into the click solution. A typical
set of CVs obtained at a same PGE electrode is depicted in
Figure 2a. The area under the oxidation or reduction peaks
can be used to calculate the surface concentration of at-
tached ferrocenes per unit of geometric electrode area, GFc.
The variation of GFc as a function of the reaction time is
plotted in Figure 3a at both PGE and GC electrodes. Com-


pletion of the reaction was achieved relatively rapidly since
the maximal coverage at the PGE electrode was reached in
less than 1 h and at the GC electrode in less than 20 min. It
is worth noting that higher concentrations of CuSO4/ascor-
bic acid did not change the shape and magnitude of the ki-
netic curves of Figure 3a. The maximal surface concentra-
tion (GFc


max) obtained at the GC electrode (i.e. , (3.3�0.9)K
10�10 mol cm�2) is consistent with the theoretical value that
can be calculated for a hexagonally close-packed monolayer
of ferrocene moieties on a perfectly flat surface (i.e. 4.5 K
10�10 mol cm�2, assuming that the ferrocene headgroup is a


Figure 2. a) CVs of an azide-grafted PGE electrode after coupling with
Fc�C�CH (from bottom to top: after 0, 10, 20, 30, 50, 90, 120 min incu-
bation in an aqueous solution of 10 mm Fc�C�CH and 10 mm CuSO4/as-
corbic acid). b) CVs of (c and g) azide- or (a) acetylene-modi-
fied GC electrodes after incubation (30 min) in a click solution contain-
ing 10 mm of the appropriate Fc�C�CH or FcMeN3 molecule and 10 mm


of CuSO4/ascorbic acid (g : without CuSO4/ascorbic acid). Electrolyte:
aqueous solution of 0.1m KPF6; scan rate: 0.1 V s�1; T=20 8C).


Figure 3. a) Electrochemically determined coverage of clicked ferrocene
at azide-modified electrodes (tappl. =1 min) as a function of reaction time
into a click solution containing 10 mm Fc�C�CH and 10 mm CuSO4/ascor-
bic acid (*: PGE electrode; &: GC electrode). b) Ferrocene coverage at
azide-modified GC electrodes as a function of tappl. applied during the
electrochemical grafting of N3�C6H4�N2


+ (1 mm). The click reaction time
was 60 min when using the same click solution as that in (a). Error bars
represent the standard deviation from three electrodes.
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hard sphere of 6.6 L diameter)[18] and is also in agreement
with the values obtained for ferrocene-terminated SAMs on
gold (GFc


max ranging from 1.5 K 10�10 to 6 K 10�10 mol cm�2).[19]


A higher GFc
max was obtained at the PGE electrode (1.4 K


10�9 mol cm�2), which corresponded approximately to three
equivalent close-packed layers. This higher value is not sur-
prising since the polished-edge plane of pyrolytic graphic
was shown to be highly porous, with a pore-size distribution
spanning from the micro to nanometric range, thus leading
to a real electrode area much larger than the geometric
one.[20,21] The mesoporosity of PGE suggests that some of
the grafted azide or acetylene groups should be less accessi-
ble to the coupling reagents. This steric and/or diffusional
constraint may explain the slower rate of ferrocene surface
coupling at PGE than at the GC electrode (Figure 3a). The
influence of electrodeposition time on the density of azide
groups grafted on the electrode surface was evaluated indi-
rectly through the determination of GFc


max obtained after the
click reaction under optimal conditions. Considering that
every grafted phenylazide group is able to quantitatively
react with one ethynylferrocene, the resulting curve in Fig-
ure 3b suggests that a complete phenylazide monolayer can
be obtained after only 20 s of electrochemical grafting in a
1 mm 4-azidobenzene diazonium solution. This result illus-
trates the remarkable efficiency of the electrochemical graft-
ing, a process that is considerably much faster than the for-
mation of SAMs of alkylthiols on a gold surface.


Table 1 summarizes the GFc
max values obtained at different


functionalized carbon electrodes. A rapid inspection of data
shows that there is a significant difference between azide-


and acetylene-modified electrodes. The ferrocene surface
concentration is doubled upon passing from acetylene- to
azide-modified GC electrodes, and nearly tripled in the case
of PGE electrodes. A first hypothesis that should explain
such a difference is the production of a lower density of
grafted reactive groups during the electrodeposition of 4-
ethynylbenzene diazonium than of 4-azidobenzene diazoni-
um. This lower density may be attributable to a surface cou-
pling of the delocalized phenylacetylene radical at the C(1)
position of the acetylene function rather than through the
aromatic ring. A second hypothesis is a lower click-coupling
reactivity of the grafted phenylacetylene layer versus the
phenylazide layer. This is supported by the mechanism of
copper-catalyzed azide–alkyne cycloaddition, which was pro-
posed to pass through the formation of an intermediate mul-


tinuclear copper complex involving more than one acetylene
group in the coordination sphere.[22] Although it is unclear
what the nature of this intermediate might be, the multiple
binding of acetylene suggests that the surface reaction
should be prone to steric effects, thus leading to a lower
maximal coverage of the clicked molecule with acetylene-
than the azide-modified surface. The voltammetric response
of ferrocene-functionalized electrodes was observed to be
quite stable upon prolonged immersion into aqueous solu-
tion. The current response was, for example, decreased by
only 15–20 % after seven days. The grafted ferrocene layer
was also extremely difficult to remove since after ultrasoni-
cation for 1 min in ethanol, the cyclic voltammetric signal
remains nearly unchanged. Once prepared, the azide- or
acetylene-grafted electrodes can be stored in a dry state in
air and in the dark without loss of their click-coupling ca-
pacity. For example, after one week storage, we found no
difference in the clicked-ferrocene coverage compared with
freshly functionalized electrodes.


The practical interest of azide-functionalized carbon elec-
trodes was demonstrated with the covalent coupling of an
acetylene-terminated biotin followed by the binding of the
enzyme conjugates N–HRP. We have selected this redox
enzyme because its catalytic activity towards H2O2 reduction
can be easily monitored by cyclic voltammetric in the pres-
ence of a soluble redox mediator.[23] The presence of biotin
on the electrode surface can thus be indirectly revealed
from the electrocatalytic current generated by N–HRP spe-
cifically attached through avidin–biotin recognition. Figure 4
shows the cyclic voltammetric current responses (normalized
here to the geometric electrode area, S) recorded in the
presence of [OsIII


ACHTUNGTRENNUNG(bpy)2Clpy]2+ (bpy =bipyridine, py=pyri-
dine) as mediator and excess H2O2. A typical sigmoidal cat-
alytic wave with a well-developed steady-state cathodic cur-
rent was observed at the azide-grafted GC electrode. This
result is in marked contrast to the voltammetric current re-
sponse recorded at an underivatized GC electrode, which
showed only the reversible wave of the mediator with no
significant catalytic current. From the magnitude of plateau


Table 1. Maximal ferrocene surface concentrations obtained at different
functionalized carbon electrodes.[a]


Functional group grafted onto the
electrode


Type of carbon
electrode


GFc
max


[K10�10 mol cm�2]


N3� GC 3.3�0.9
N3� PGE 14.3�1.0
HC�C� GC 0.9�0.1
HC�C� PGE 2.7�0.2


[a] For all electrodes, tappl. was 1 min and the click reaction time was
60 min.


Figure 4. Electrocatalytic responses obtained at (a) an unmodified and
(c) a phenylazide-modified GC electrode (tappl. =2 s in a solution con-
taining 0.1 mm N3�C6H4�N2


+). All of the electrodes were immersed first
for 60 min in a click solution containing the acetylene-terminated biotin,
followed by incubation for 2 h in 0.2 mm N–HRP. The CV curves were re-
corded in a 0.1 m phosphate buffer (pH 7.4) containing 20 mm [OsIII-
ACHTUNGTRENNUNG(bpy)2Clpy]2+ and 1 mm H2O2 (scan rate: 20 mV s�1; T=20 8C).


Chem. Eur. J. 2008, 14, 9286 – 9291 D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 9289


FULL PAPERElectrochemical Functionalization of Carbon Surfaces



www.chemeurj.org





current, the N–HRP kinetic rate constants, and the rate
equation relating the steady-state catalytic current to the
enzyme coverage, one can estimate the N–HRP surface con-
centration.[23b] Taking into account the previously deter-
mined rate constants of N–HRP,[23b] a surface concentration
of 3.15 pmol cm�2 was calculated. This value is consistent
with the formation of a saturated monolayer on the surfa-
ce.[23b] The catalytic response of the enzyme electrode was fi-
nally observed to be quite stable over time, since no de-
crease was noticed after several days storage in an aqueous
buffer. Such good stability demonstrates the strong adhesion
of the immobilized enzyme on the clicked layer of biotin.


Conclusion


We have developed a versatile, simple, and fast method to
covalently attach functional molecules on carbon surfaces
through an efficient combination of electrochemical grafting
and click chemistry. The electrochemical grafting offers a
high degree of control over the functionalization, with an
addressing capability, whereas the click coupling promises a
wide range of applications owing to the wide variety of func-
tional groups that are orthogonal to the click reaction. A
last interesting aspect that was previously demonstrated on
the gold electrode[24] and that might be applied in the pres-
ent case, is the electro-addressing of the click reaction by
electrochemical reduction of the copper(II) catalyst precur-
sor. We are currently investigating this possibility.


Experimental Section


Reagents : The ethynylferrocene was purchased from Aldrich and used
without further purification. Hydrogen peroxide (50 wt %) was supplied
by Prolabo (reagent-grade product). Its concentration was determined by
permanganate titration. The complex [OsIII


ACHTUNGTRENNUNG(bpy)2Clpy] ACHTUNGTRENNUNG(PF6)2 was pre-
pared as previously described[23] and the azidomethylferrocene was syn-
thesized under argon by following a published procedure.[25]


Synthesis of 4-azidobenzene diazonium tetrafluoroborate [N3�C6H4�N2]-
ACHTUNGTRENNUNG(BF4): A cold solution of NaNO2 (45 mg, 0.65 mmol) in Milli-Q water
(0.25 mL) was added slowly to a cold solution (over an ice bath) of 4-azi-
doaniline hydrochloride (100 mg, 0.59 mmol) in 1m HCl (1 mL). The mix-
ture was left to react at 4 8C for 1 h, and then 0.6 mL of a saturated solu-
tion of NaBF4 in Milli-Q water was added. The off-white precipitate was
filtered and rinsed twice with cold ether (10 mL). The crude product was
purified by reprecipitation from acetonitrile in the presence of an excess
of diethyl ether to give the diazonium salt as an off-white powder (78 mg,
57%). The solid was dried in a desiccator and stored in the dark.
1H NMR (CD3CN): d =8.42 (m, 2H, JAB = 9.2, JAA’=3.0, JAB’=0.3 Hz;
CH�C�N2


+), 7.49 ppm (m, 2 H, JAB =9.2, JBB’= 3.5, JAB’=0.3 Hz; N3�C�
CH); 13C{1H} NMR (CD3CN): d=156.1 (N3�C), 135.6 (C�C�N2


+), 123.1
(N3�C�C), 107.4 ppm (C�N2


+); MS (ES): calcd: 129.0447; found:
129.0453 [M]+ ; elemental analysis calcd (%) for C6H4N5BF4: C 30.93, H
1.73, N 30.07; found: C 29.25, H 1.62, N 28.16.


Synthesis of 4-ethynylbenzene diazonium tetrafluoroborate [HC�C�
C6H4�N2] ACHTUNGTRENNUNG(BF4): The same procedure as for [N3�C6H4�N2]BF4 was used,
starting from 4-ethynylaniline. The diazonium product was recovered as
a crystalline claret-colored powder (51 %). 1H NMR (CD3CN): d=8.45
(d, 2H; CH�C�N2


+), 7.98 (d, 2H; HC�C�C�CH), 4.26 ppm (s, 1H;�C�
CH); 13C{1H} NMR ((CD3)2SO): d =135.0 (HC�C�C�CH), 134.6 (HC�


C�C), 134.0 (CH�C�N2
+), 116.5 (C�N2


+), 92.3 (HC�C), 82.3 ppm (HC�
C); MS (ES): calcd: 146.0461; found: 146.0467 [M]+ .


Apparatus : The 1H and 13C NMR spectra were recorded on a Bruker
Avance 250 spectrometer operating at 250.13 MHz. Electrospray ionisa-
tion mass spectrums were recorded on a Bruker microTOF-Q instrument
in positive ion mode.


Electrochemical experiments : Cyclic voltammetry was performed in a
standard three-electrode water-jacketed cell by using an Autolab poten-
tiostat (PGSTAT 12, Autolab) interfaced to a PC computer and piloted
with GPES software (version 4.7). A saturated calomel electrode, isolat-
ed from the solution by a glass frit, and a platinum wire were used as ref-
erence and counter electrodes, respectively. Working electrodes were
either glassy carbon (3 mm diameter) or pyrolytic graphite edge
(0.1 cm2). Glassy carbon electrodes were polished successively by silicon
carbide grinding paper (grit 1200) and by a 3 and 1 mm alumina slurry on
a cloth polishing pad and then washed in ethanol under sonication,
whereas PGE electrodes were just polished successively with a 3 and
1 mm alumina slurry and thoroughly rinsed with water and ethanol. CVs
of ferrocene-modified electrodes were systematically recorded in 0.1 m


KPF6 at 20 8C.


Electrode modification : Surface derivatization of carbon-based electro-
des was carried out at 4 8C in a deaerated solution (with argon) of 0.1m


HCl (3 mL) containing 1.3 mm of 4-azidobenzene diazonium or 4-ethy-
nylbenzene diazonium (BF4 salts). The reductive electrodeposition of the
aryl diazonium salts was achieved amperometrically by stepping the po-
tential at a sufficiently cathodic value. Unless otherwise stated, for the re-
duction of 4-azidobenzene diazonium or 4-ethynylbenzene diazonium,
the working electrode potential was set for 1 min at a value Eappl. =�0.8
or �0.4 V, respectively. After functionalization, the electrodes were thor-
oughly rinsed with Milli-Q water and next with ethanol to remove any
adsorbed species.


Surface coupling of ferrocene probes by copper(I)-catalyzed azide–
alkyne cycloaddition : In a typical experiment, arylazide- or arylalkyne-
modified electrodes were immersed in a 15 mL Milli-Q water solution
containing CuSO4 (10 mm), l-ascorbic acid (10 mm), and the correspond-
ing ethynylferrocene or azidomethylferrocene (10 mm). The click reaction
was complete after �60 min. The ferrocene-modified electrodes were
then rinsed with copious amounts of Milli-Q water and ethanol to ensure
that any physisorbed species were washed off, and finally stored in aque-
ous buffer before being scanned by means of cyclic voltammetry.


Click surface coupling of acetylene-terminated biotin : Acetylene-termi-
nated biotin was purchased from an Invitrogen kit (Click-iTTM C33372
kit). For the coupling reaction, the other reagents contained in the kit
(i.e., copper catalyst and buffers) were also used according to an adapted
protocol. In a reaction tube, the following reagents were successively
added: 38 mL “component B”, 2 mL acetylene-terminated biotin in
DMSO, 20 mL (NH4)2SO4 buffer (50 mm, pH 8.7), and 4 mL Milli-Q
water. After stirring, 4 mL CuSO4 (40 mm) and 4 mL “component D”
were added, followed after 5 min by 8 mL “component E” (“component
D” and “component E” were first reconstituted in 100 and 500 mL Milli-
Q water). The resulting mixture was spotted onto the azide-modified GC
surface for 1 h under a controlled humidity atmosphere. The electrodes
were thoroughly rinsed with Milli-Q water and sonicated in ethanol for
30 s. We also verified that the click reaction was working by using our
own conditions. For this purpose, a 80 mL solution containing CuSO4


(1 mm), l-ascorbic acid (1 mm), and 2 mL of biotin alkyne was prepared.
8 mL of this solution was deposited on the active surface of each modified
electrode for 1 h, and then the electrodes were rinsed with Milli-Q water
and sonicated in ethanol for 30 s.


N–HRP immobilization and electrocatalytic detection : The biotin-clicked
electrodes were immersed for 2 h in 0.1m phosphate buffer (PB, pH 7.4)
containing 0.2 mm N–HRP, and next copiously rinsed with PB and stored
in the same buffer until used. The catalytic response of HRP-modified
electrodes were obtained by scanning the electrodes in an electrochemi-
cal cell maintained at 20 8C and filled with a PB solution containing
20 mm [OsIII


ACHTUNGTRENNUNG(bpy)2Clpy] ACHTUNGTRENNUNG(PF6)2 and 1 mm H2O2.
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Introduction


Electrocyclic reactions, especially 1,3-cyclohexadiene forma-
tion, cyclobutene ring opening, and Nazarov and related cat-
ionic cyclizations are of great importance in organic chemis-
try as synthetic tools for the construction of the molecular
skeleton of complex natural and biologically active
ACHTUNGTRENNUNGcompounds.[1–3]


Reactivity and stereoselectivity are relevant issues in
these processes. Electrocyclization reactions can be in fact
energetically demanding processes, often requiring condi-
tions incompatible to sensitive substrates, so that a proper
choice of substituent on the p system, or structural modifica-
tions of the latter, are often necessary to attain synthetically
favorable reaction conditions. The stereoselectivity in the
ring opening/closure, referred to as “torquoselectivity”, is
the preference for one of the two orbital symmetry allowed
modes by which every electrocyclic reaction can occur.[4]


Abstract: The Nazarov reaction of pen-
tadienyl cations generated by protona-
tion of either dienones or alkoxytrienes
has been examined in detail both ex-
perimentally and by DFT calculations.
In particular, calculations at the
B3LYP/6-311G** level of theory accu-
rately predicted, and accounted for, the
outcome of the Brønsted acid catalyzed
electrocyclization of 4p-electron sys-
tems in which one of the double bonds
involved in the process was embedded
in N- and S-heterocyclic rings. Calcula-
tions showed that both heteroatoms
are capable of accelerating the ring clo-
sure by stabilizing the partial positive
charge which develops at C-6 (C-2) in
the transition state, with S-heterocyclic
derivatives being more reactive than
the corresponding N-containing com-


pounds. In general, pentadienyl cations
generated by protonation of alkoxy-
trienes were expected to react faster
than those obtained by protonation of
the corresponding dienones, as the
latter were stabilized by a hydrogen
bond. The presence of a substituent on
the heterocyclic ring significantly af-
fects the stereoselectivity (torquoselec-
tivity) only in the case of the N-hetero-
cyclic derivatives, in which a 2-alkyl
group is axially oriented, providing the
cis-2,5-disubstituted isomer only. In-
stead, with substituted S-heterocyclic


compounds, the anticipated torquose-
lectivity was very low and, in fact, a 3:1
diastereomeric mixture between the
trans and cis products was experimen-
tally found after ring closure. For this
study, the synthesis of the appropriate
N- and S-containing dienones and al-
koxytrienes was realized to evaluate
the predictivity power of the DFT com-
putations, which was very good in all of
the cases examined, both in terms of
reactivity and stereoselectivity. The
consistency observed between compu-
tational and experimental results,
therefore, shows the usefulness of DFT
calculations at the B3LYP/6-311G**
level of theory as a robust instrument
for the prediction of reactivity and ste-
reoselectivity in the Nazarov electrocy-
clic reaction.


Keywords: density functional calcu-
lations · electrocyclic reactions ·
Nazarov reaction · reaction mecha-
nisms · torquoselectivity


[a] Dr. A. Cavalli, A. Pacetti, Prof. M. Recanatini
Dipartimento di Scienze Farmaceutiche
Alma Mater Studiorum—Universit@ di Bologna
Via Belmeloro 6, 40126 Bologna (Italy)
Fax: (+39)051-2099734
E-mail : andrea.cavalli@unibo.it


[b] Prof. C. Prandi
Dipartimento di Chimica Generale e Chimica Organica
Universit@ di Torino, Corso Massimo DGAzeglio, 48
10125 Torino (Italy)


[c] Dr. D. Scarpi, Dr. E. G. Occhiato
Dipartimento di Chimica Organica “U. Schiff”
Universit@ di Firenze, Via della Lastruccia 13
I-50019 Sesto Fiorentino (Italy)
Fax: (+39)055-457-3531
E-mail : ernesto.occhiato@unifi.it


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801030.


J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9292 – 93049292







Again, suitable substituents can strongly influence the tor-
quoselectivity, as in the well-studied cases of the “inward”
or “outward” conrotatory thermal ring opening of cyclobu-
tenes,[5] and the conrotatory “clockwise” or “counterclock-
wise” thermal Nazarov cyclization of 1,4-pentadien-3-
ones.[6–10] Thus, an in-depth understanding of how steric and
electronic features of the substituents affect the reaction
outcome is invaluable for the synthetic design. To this end,
computational methods based on first principles can be ex-
ploited for the theoretical prediction of both reactivity and
stereoselectivity in electrocyclic processes.[11]


Among the electrocyclic reactions, the Nazarov reaction
has recently emerged as one of the most powerful processes
for constructing five-membered carbocyclic systems, after
having found applications in the synthesis of several natural
products.[12] The Nazarov reaction of N- and O-heterocyclic
divinyl ketones and their synthetic equivalents depicted in
Figure 1a has been, in particular, the subject of several
recent studies.[13–18] The cyclization forms cyclopenta-fused


heterocyclic compounds (Figure 1b), the interest of which
arises from their presence in several natural and biologically
active compounds.[12,19]


The presence of the heteroatom has a noteworthy influ-
ence on the reactivity of these systems, as it makes the ring
closure of the corresponding pentadienyl cations possible
even in the presence of catalytic amounts of Brønsted[15c–e,17]


or Lewis acids[14,15a–b,16] at room temperature. Conversely,
the corresponding carbocyclic substrates do not generally
react unless more drastic conditions are used.[15d] Even more
striking is the stereoselectivity in the ring closure of these
systems. For example, it has been observed that whilst the
2,5-trans disubstituted compounds 5 (Scheme 1) are the
major diastereomers obtained in the electrocyclization of
the O-containing substrates 2,[17] by contrast N-heterocyclic
dienone equivalents 7 (Scheme 2) give exclusively the 2,5-cis
disubstituted products 10.[15d] The same results have recently
been obtained also in the Lewis acid catalyzed Nazarov re-
action of divinyl ketones, such as 1 (Scheme 1).[15a]


Recently, various authors have demonstrated that either
ab initio or DFT calculations are well suited to provide an
in-depth understanding of the Nazarov reaction mechanism,
the nature of which could not be straightforwardly interpret-
ed.[6,8–10,18,20] In particular, in our previous study, we demon-
strated that DFT calculations at the B3LYP/6-311G** level
of theory were well suited to account for the electrocycliza-
tion outcome of the 4p-electron system of heterocyclic 2,3-
alkoxypentadienyl cations 3 (Scheme 1),[17] both in terms of
reactivity and torquoselectivity.[18] This study allowed us to
assess the role of the 2-alkoxy substituent in increasing the
reaction rate,[17] as was recently further confirmed by Fron-
tier,[14a] and to establish that the stereoselectivity in the cy-
clopentannulation was mainly dictated by stereoelectronic
effects. The agreement of the theoretical calculations with
the experimental results encouraged us to apply the same
calculation protocol both to predict, and to account for, the
reactivity and torquoselectivity in the Brønsted acid cata-
lyzed electrocyclization of the analogous N- and S-substitut-
ed heterocyclic systems that have never been comprehen-
sively dealt with before (Scheme 2). In this study, we report
on a comparison between the predictive results of a detailed
theoretical study on the rate-determining stepGs energy pro-
file of the Nazarov reaction involving N- and S-substituted
heterocyclic systems and the experimental reaction outcome
for the corresponding series of substrates. In the light of the
consistency observed between computational and experi-
mental results, the usefulness of DFT calculations as a
robust instrument to anticipate reactivity and stereoselectiv-
ity in such electrocyclic reactions is demonstrated.


Results and Discussion


The equations studied for evaluating the role of the hetero-
ACHTUNGTRENNUNGatom (N, S) on the reactivity are depicted below [Eqs. (1–


Figure 1. a) Substrates for and b) products of the Nazarov reaction in-
volving heterocyclic systems.


Scheme 1. Torquoselectivity in the Nazarov reaction of O-heterocyclic di-
enones and alkoxytrienes.
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4)]. The reaction of a 2-methyl-substituted N-heterocyclic
pentadienyl cation is depicted in Equation (5) and repre-
sents our case-study to find a rational for the complete 2,5-
cis stereoselectivity observed in the ring closure of N-con-
taining derivatives.[15d] N-CO2Me was chosen as the protect-
ing group instead of N-Cbz (Cbz: carbobenzyloxy) or N-Ts
(Ts: tosyl), generally used in our previous synthetic studies,
to reduce the conformational complexity. Finally, the reac-
tion of a 2-methyl-substituted S-heterocyclic derivative
[Eq. (6)] represents the case studied here for predicting the
torquoselectivity in the Nazarov reaction of S-containing
systems.


Prediction of the reactivity : The Nazarov reaction is a con-
rotatory electrocyclization process. When one of the double
bonds involved in the electrocyclization is embedded in a
(hetero)cyclic structure, the formation of the new bond can
take place either along the axial (Scheme 3, path a) or equa-
torial direction (path b), depending on the conformation of
the ring. We have already shown that path a is preferred
with O derivatives (X=O) as it allows for the maximum or-
bital overlap in the forming C5�C3’ (C4a�C5) bond.[18] In
Figures 2–4, the DFT-computed energy surfaces for paths a
and b of Equations (1–4) are reported. In Tables 1–4, the
relative electronic and free energies and the geometrical pa-
rameters of all stationary points are reported and, in
Figure 5, a representation of the atom numbering used in
the text is shown.


In Figure 2, the energy profiles of Equation (1) are report-
ed, which refers to the electrocyclization of the pentadienyl
cation 8 (R1=H, R2=Me, R3=H) obtained after protona-
tion of the carbonyl group in the corresponding N-heterocy-
clic divinyl ketone 6 (“classic” Nazarov reaction). The sim-
plest substitution on the vinyl moiety (R3=Me) was chosen
to reduce the number of conformers.


In all of the N-CO2Me-protected compounds, the pres-
ence of the protecting group doubled the number of initial
conformations of the pentadienyl cationic intermediates, as
found by Monte Carlo conformational searches. Figure 2a
and b refer to the initial conformations in which the C=O of
N-CO2Me points toward the hydroxyl group, forming a hy-
drogen bond in the global minimum conformer I ; Figure 2c
and d refer to the initial conformations in which the MeO
group is roughly oriented towards the hydroxyl group.


By the analysis of the energy profiles, it clearly appears
that the reaction is exothermic, similar to the Nazarov reac-
tion of the O-substituted analogues[18] and other substra-


Scheme 2. The Nazarov reaction of N- and S-heterocyclic dienones and alkoxytrienes.
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tes.[9,20b] The formation of the new bond along the axial di-
rection (path a) disrupts (in II) the stabilizing hydrogen
bond in I (distance C=O···HO=1.34 in I, 2.87 R in II),
which is only weakly restored in the transition state (dis-
tance C=O···H=1.63 R) (Figure 2a). The activation energy
(DG�) of this process (19.2 kcalmol�1) is almost 2 kcalmol�1


lower than that of path b, the transition state (TS) of which
maintains a weaker hydrogen bond (distance C=O···HO=


1.56 R) than in I. The chemical processes reported in Fig-
ure 2c and d are both highly energetic (21.8 and 24.7 kcal
mol�1 for path a and b, respectively). As a consequence,
with the lowest activation energy at about 19 kcalmol�1, we
may anticipate that a compound such as 6 (R1=R2=H) will
not react at room temperature after generation of the corre-
sponding cationic intermediate 8 in the presence of a proton
(H+) source.[21]


When the ethoxy group replaces the OH in the pentadien-
yl cation ([Eq. (2)] and Figure 3a–d), generally lower TS en-
ergies were obtained (with the reaction being still exother-
mic). The lowest activation energy is still associated to a
bond formation along the axial direction (16.1 kcalmol�1,
Figure 3a), although the differences found among the four
profiles were less important than in the case of Equation (1).
In analogy to what was observed in our previous work on
similar O-containing derivatives 2,[18] the lower activation
energies associated with the presence of the ethoxy group


could be accounted for by the lack, in the starting penta-
dienyl cationic intermediates V–VIII, of the hydrogen bond
that instead stabilizes intermediate I (Figure 2b). As the
lowest activation energy is 16.1 kcalmol�1 for the electrocyc-
lization of 7 (R1=H), this process is more favored than that
of divinyl ketone 6 (R1=H, R2=Me; DG� =19.2 kcalmol�1)
and we expect that the former reaction could occur at room
temperature, although quite slowly.


Scheme 3. The different conrotation modes of the Nazarov reaction in-
volving (hetero)cyclic structures.


Figure 2. The free-energy profiles (in kcalmol�1) for Equation (1). Four
conformers (a–d) of the reactant were taken into account to explore all
possible energy profiles. Paths a and b refer to Scheme 3.


Table 1. Energies and geometrical parameters for Equation (1).[a]


Equation DEelec D(Eelec+


ZPVE)
DGgas phase DGtotal C5�C3’ [R]


1 (Figure 2a) react. 5.5 6.5 6.1 3.3 3.24
TS 20.8� 21.2� 21.4� 19.2� 2.19
prod. �5.1 �2.5 �2.9 �4.7 1.54


1 (Figure 2b) react. 0 0 0 0 3.15
TS 22.2� 23.0� 23.3� 20.9� 2.16
prod. �5.0 �2.4 �1.7 �2.8 1.54


1 (Figure 2c) react. 7.6 8.5 8.0 3.1 3.22
TS 25.3� 25.7� 26.0� 21.8� 2.21
prod. �0.3 2.1 2.4 �0.5 1.54


1 (Figure 2d) react. 8.7 9.5 9.3 5.9 3.13
TS 28.2� 28.8� 29.3� 24.7� 2.16
prod. �0.6 1.8 2.4 �0.6 1.55


[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.
Energy values are in kcalmol�1
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Finally, concerning the S-containing derivatives, Equa-
tions (3) and (4), the cyclization of global minimum confor-
mer IX ([Eq. (3)], Figure 4a) has a barrier of 15.3 kcalmol�1


if the new bond forms along the axial direction (path a),
slightly lower than the barrier associated with path b (Fig-
ure 4b). When the ethoxy replaces the OH group in the pen-


tadienyl cation [Eq. (4)], consistently to the N and O cases,
the activation energies were lowered to a value of around
13–15 kcalmol�1 (Figure 4c–d), the formation of the bond
along the axial direction (path a) being always the favored
one. Here too, we can hypothesize that such an effect is due
to the lack of a stabilizing OH···S interaction in the starting
pentadienyl cationic intermediates (distance OH···S=2.34 in
IX, 2.77 R in the TSs of Equation (3).[22] In both cases, we
may expect that the reaction can occur at room tempera-


ture, although again the cycliza-
tion of the ethoxytriene deriva-
tive should be faster.


In the cases so far analyzed,
it is worth noticing that the
newly C5�C3’-forming bond in
the TS of the preferred cycliza-
tion modes (paths a in Fig-
ures 1–4) is always longer (d=


2.17–2.20 R) than that previous-
ly found by calculations at the
HF/6-31G* level of theory for
open-chain substrates (d=


2.09 R)[6c] pointing to an early
TS in the Nazarov reaction in-


Table 2. Energies and geometrical parameters for Equation (2). Energy values are in kcalmol�1.[a]


Equation DEelec D(Eelec+ZPVE) DGgas-phase DGtotal C5�C3’ [R] C2-N1-C6 [8]


2 (Figure 3a) react. 0 0 0 0 3.21 118.0
TS 16.0� 15.8� 16.8� 16.1� 2.20 117.2
prod. �6.0 �4.7 �4.1 �4.8 1.55 117.0


2 (Figure 3b) react. 1.3 1.3 1.1 1.4 3.23 120.2
TS 16.5� 16.3� 17.5� 16.9� 2.23 121.3
prod. �7.0 �5.4 �5.1 �6.0 1.55 123.3


2 (Figure 3c) react. 4.1 4.1 4.2 0.7 3.17 116.4
TS 18.8� 18.5� 19.6� 16.7� 2.22 117.2
prod. �5.6 �4.0 �3.7 �4.9 1.55 117.3


2 (Figure 3d) react. 11.0 10.8 10.6 6.1 3.15 114.1
TS 28.5� 27.9� 28.5� 24.2� 2.21 117.6
prod. �7.4 �5.9 �5.7 �6.6 1.55 123.1


[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.


Figure 3. The free-energy profiles (in kcalmol�1) for Equation (2). Four
conformers (a–d) of the reactant were taken into account to explore all
possible energy profiles. Paths a and b refer to Scheme 3.


Figure 4. The free-energy profiles (in kcalmol�1) for Equations (3) (a–b)
and (4) (c–d). Paths a and b refer to Scheme 3.
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volving N- and S-heterocyclic systems. This is not dissimilar
from what was found out in: 1) the computations on the
same reaction with the corresponding O-heterocyclic sub-
strates[18] and 2) previously reported quantum mechanical
calculations on the Nazarov reaction of a-alkoxy-substituted
hydroxypentadienyl cations.[9] Fitting with the early nature
of the TSs, all reactions so far considered have been calcu-
lated to be exothermic.


Interestingly, while the activation energies associated with
the cyclization of the ethoxy-substituted S derivative in
Equation (4) (Figure 4c) is almost identical to that we have
previously calculated for the corresponding O derivative
(13.4 vs. 13.7 kcalmol�1),[18] in the case of the N-heterocyclic
derivatives ([Eq. (2)], Figure 3a), the DG� value is apprecia-
bly higher (16.1 kcalmol�1). By analysis of the geometrical


parameters of intermediate V and the TS in Figure 3a
(Tables 2 and 3) it comes out that in intermediate V there is
a full conjugation between the N atom (which conserves its
sp2 hybridization all along the profile, see C2-N1-C6 bond
angles) and the CO2Me-protecting group (dihedral angle
C6-N-C=O=5.18). Moreover, the carbonyl and the ethoxy
groups are far apart (d=2.78 R), so reducing possible repul-
sive interactions. However, during the bond formation (in
TS) a rotation around the C6�C1’ bond has to take place
and the double bond starts to form between C6 and C1’.
The consequence of this is the mounting of an A(1,3) allylic
strain with the N-protecting group, which rotates around the
N�CO bond (dihedral angle C6-N-C=O=�10.88) to re-
lieve the repulsive interaction between the two O atoms
(the distance of which is now 2.71 R). The consequential
loss of conjugation between the N atom and the CO group,
and the smaller C=O···OEt distance in TS than in intermedi-
ate V, can explain the higher activation energy if compared
to the corresponding cases in which an X-protecting group
is lacking (S and O derivatives). In the bicyclic intermediate,
the conjugation is then completely broken to relieve the re-
pulsive interaction between the two O atoms as suggested
by the dihedral angle value of �46.58.


As the N atom maintains its sp2 hybridization all along
the profile of Equation (2) (C2-N-C6 bond angle values
from 118.0 to 117.08), we may reckon that the N atom con-
jugates with the C6 atom on which a positive charge devel-
ops in the TS. Stabilization of the positive charge by the N
atom (as in the case of the O derivatives) can be reasonably
assumed to be the cause of the much lower activation
energy associated with Equation (2) (16.1 kcalmol�1) than
that of the corresponding carbacyclic system (18.9 kcal
mol�1),[18] and this could be true also for the case of the S
derivative in Equation (4). To demonstrate such an effect,
we calculated the atomic partial charges on the N atom of
the positively charged intermediate V and the TS of Equa-
tion (2) (Figure 3a) by the RESP-fitting procedure (see
Methods). It turned out that the heterocyclic N atom had a
partial atomic charge of �0.50 in V, whereas this was �0.34
in the TS. The decrease of the partial negative charge on the
N atom found in the TS demonstrates that the heteroatom
effectively conjugates with the p orbitals of the TS, thus pro-
viding a greater stabilization effect on the positive charge of
the TS than on that of the starting intermediate. The stabili-
zation of the positive charge that develops at C6 also occurs
in the TS of Equation (4) (Figure 4c) relative to the Nazarov
reaction of the S-heterocyclic pentadienyl cation. In this
case, the heterocyclic S atom had a partial atomic charge of
�0.08 in the starting intermediate XI, whereas this was
+0.03 in the TS. Furthermore, we also carried out single-
point calculations by neutralizing the positive charge on the
system through the addition of one electron to both the
starting intermediate V and the TS of Equation (2) (Fig-
ure 3a) (see Methods). It turned out that the energy barrier
of the electrocyclization reaction was of 29.8 kcalmol�1 (vs.
16.1 kcalmol�1), this increase being mainly due to a much
greater stabilization of the starting intermediate V (Dele-


Table 3. Further relevant geometrical parameters for Equation (2).[a]


Equation O2’’�O5’ [R]
O3’’�O5’ [R]


C6-N1-C1’’-O2’’ [8]
C6-N1-C1’’-O3’’ [8]


N1-C6
-C1’-O5’ [8]


2 (Figure 3a) react. 2.78 5.1 �42.3
TS 2.71 �10.8 �37.0
prod. 2.78 �46.5 �8.2


2 (Figure 3b) react. 2.74 5.1 �47.4
TS 2.72 �11.3 �36.9
prod. 2.97 �80.3 �13.9


2 (Figure 3c) react. 2.86 4.5 �32.3
TS 2.77 �14.2 �34.1
prod. 2.80 �58.6 �7.3


2 (Figure 3d) react. 2.73 �6.8 �8.7
TS 2.65 22.5 �24.1
prod. 2.97 86.4 �11.4


[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.


Table 4. Energies and geometrical parameters for Equations (3) and (4).
Energy values are in kcalmol�1.[a]


Equation DEelec D(Eelec+


ZPVE)
DGgas phase DGtotal C5�C3’ [R]


3 (Figure 4a) react. 0 0 0 0 3.19
TS 16.8� 16.3� 17.3� 15.3� 2.17
prod. �3.0 �4.7 �4.0 �5.6 1.56


3 (Figure 4b) react. 1.8 1.8 1.4 1.6 3.19
TS 17.3� 17.0� 17.8� 16.2� 2.20
prod. �3.9 �5.5 �4.4 �5.7 1.56


4 (Figure 4c) react. 0 0 0 0 3.09
TS 13.1� 12.8� 13.8� 13.4� 2.19
prod. �8.7 �7.1 �6.2 �6.0 1.55


4 (Figure 4d) react. 0.3 0.3 0.3 0.2 3.14
TS 14.1� 14.0� 14.9� 14.7� 2.23
prod. �9.5 �7.8 �6.3 �6.0 1.56


[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.


Figure 5. Atom numbering used in the text and tables. The IUPAC num-
bering is reported in brackets.
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ctronic energy=�84.3 kcalmol�1) with respect to the TS
(Delectronic energy=�70.6 kcalmol�1). Analogously for the
S derivatives (Equation (4), Figure 4c), the energy barrier of
the electrocyclization reaction was 28.1 kcalmol�1 (vs.
13.4 kcalmol�1) after addition of one electron because of a
much greater stabilization of the starting intermediate XI
(Delectronic energy=�183.3 kcalmol�1) with respect to the
TS (Delectronic energy=�168.5 kcalmol�1).


Experimental assessment of the theoretical predictions : We
have previously seen that the DG� values, obtained by our
calculations, lower than 14 kcalmol�1, corresponded to fast
reactions at room temperature. Conversely, when DG�


values were more than 18 kcalmol�1, the corresponding re-
actions did not occur at room temperature.[18] Values ranging
from around 15–16 kcalmol�1 corresponded to a slow reac-
tion requiring at least 24 h to be completed under our condi-
tions. On these bases, the above theoretical predictions were
tested experimentally by preparing, as depicted in Scheme 4,


compound 7a according to a methodology previously re-
ported for similar compounds[15c–e] and subjecting it to hy-
drolysis in the presence of Amberlyst 15 in dichloromethane
at room temperature. When monitoring the reaction by
TLC, we found it to be quite slow and it was completed
only after 18 h at room temperature, although accompanied
by partial decomposition of the starting material, providing
10a in 54% yield after chromatography.


By starting from the same triflate 16, we prepared dien-
one 6b by the carbonylative Suzuki–Miyaura coupling we
have recently described[15b,23] (6b possesses a n-propyl
moiety instead of the methyl group on the external double
bond).[24a,b] This compound was treated with Amberlyst 15
under the usual conditions but, after 24 h, we recovered it
completely unreacted (and without traces of decomposition
byproducts).[25] Both results are perfectly in accordance with
the DG� values of 16.1 and 18.9 kcalmol�1 calculated for the
two cyclization reactions, respectively.


The prediction of the reactivity was equally accurate
when a sulfur atom was put in the place of the nitrogen in


our ethoxytrienes and dienones. For the S derivatives, we
should expect faster reactions than with N derivatives,
taking into account the calculated DG� values. As reported
in Scheme 5, we prepared ethoxytriene 12a and dienone 11


according to the usual methodologies,[15, 24] and subjected
them to treatment with Amberlyst 15 in CH2Cl2. After 4 h,
the conversion of 12a to 15a was complete. Based on the
DG� values (15.3 vs. 13.4 kcalmol�1), we could expect a
slower cyclization of 11 to 15b and perfectly in accordance
we found that the conversion to 15b was only about 59%
after 24 h.


Stereoselectivity in the ring closure (torquoselectivity): A
synthetically important aspect of the Nazarov reaction is the
torquoselectivity of the electrocyclization process when one
or more substituents are present on the cycle, which embeds
the double bond.[12e,g] A surprisingly high remote stereocon-
trol was reported in the ring closure of dihydropyranyl de-
rivative 3 (Scheme 1), which formed the 2,5-trans-disubsti-
tuted Nazarov product 5 as the major isomer.[17] DFT calcu-
lations showed that the pseudoaxial bond formation is kinet-
ically preferred as it allows the maximum orbital overlap in
a TS in which the R1 substituent is equatorially oriented,[18]


thus leading to the 2,5-trans compound.
The results obtained by us in the electrocyclization of the


correspondingly substituted N derivative 7 (R1=Me), which
leads to the exclusive formation of the 2,5-cis-disubstituted
Nazarov product 10c (Scheme 2) could instead be explained
by taking into account that the 2-methyl group on the tetra-
hydropyridine ring should be axially oriented to remove the
A(1,3) strain with the N-protecting group.[26] To find support
for this hypothesis, we carried out a DFT study on the cycli-
zation reported in Equation (5). The energy profiles are re-
ported in Figure 6, and the geometrical parameters in
Table 5. A Monte Carlo conformational search carried out


Scheme 4. Synthesis of N-heterocyclic dienones and alkoxytrienes: a) 5%
[PdCl2 ACHTUNGTRENNUNG(Ph3P)2], 2m K2CO3 (aq), THF, 0.5 h, 25 8C; b) Amberlyst 15,
CH2Cl2, 18 h, 25 8C; c) 5% of Pd ACHTUNGTRENNUNG(OAc)2, 10% of Ph3P, CO (1 atm), CsF,
THF, 25 8C.


Scheme 5. Synthesis of S-heterocyclic dienones and alkoxytrienes: a) 5%
[PdCl2 ACHTUNGTRENNUNG(Ph3P)2], 2m K2CO3 (aq), THF, 0.5 h, 25 8C; b) Amberlyst 15,
CH2Cl2, 4–24 h, 25 8C; c) 5% of Pd ACHTUNGTRENNUNG(OAc)2, 10% of Ph3P, CO (1 atm),
CsOAc, THF, 25 8C.
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on the starting cationic intermediate in Equation (5) re-
vealed that all conformers possessing an equatorially orient-
ed 2-methyl group (Figure 6e–h) were highly energetic com-
pared to the corresponding axially substituted ones (DG>


2.2 kcalmol�1). For this reason, their contribution to the for-


mation of the products could be considered negligible. As
found for the unsubstituted heterocyclic derivatives (Equa-
tions (1) and (2)) the N-CO2Me protection generates
through rotation two initial conformers. Whatever starting
conformer we consider, the DFT calculations resulted in
path a (Figure 6a and c), that is, the formation of the new
bond along the pseudoaxial direction, which is favored when
compared to path b (Figure 6b and d). In the most favorable
case (compare Figure 6a and b), the DDG� value is equal to
2.3 kcalmol�1, with DG� values of 15.7 and 18.1 kcalmol�1


for paths a and b, respectively, which means that at room
temperature practically only the cis compound could be
formed, in accordance to our experimental findings.[15d] In
all cases, even if we consider the cyclization of the least-
populated equatorial conformers, the most favored paths
(Figure 6f and h) would always provide the cis diastereomer
through a bond formation along a pseudoequatorial direc-
tion. This clearly emerges by comparing the energy profiles
shown in Figure 6e and g with those in 6f and 6 h, respec-
tively. In contrast to what was reported by us for the analo-
gous O derivatives,[18] the compared analysis of the TSs
found along path a (Figure 6a) and b (Figure 6b) did not


Table 5. Energies and geometrical parameters for Equation (5). Energy
values are in kcalmol�1.[a]


Equation DEelec D(Eelec+


ZPVE)
DGgas phase DGtotal C5�C3’ [R]


5 (Figure 6a) react. 0 0 0 0 3.22
TS 15.9� 15.7� 16.6� 15.7� 2.21
prod. �6.0 �4.4 �3.9 �5.0 1.56


5 (Figure 6b) react. 2.3 2.2 1.9 2.1 3.27
TS 18.1� 18.0� 19.1� 18.1� 2.25
prod. �7.0 �5.3 �4.3 �5.6 1.55


5 (Figure 6c) react. 4.3 4.0 3.7 0.1 3.17
TS 18.6� 18.3� 19.3� 16.3� 2.23
prod. �5.7 �4.3 �4.3 �5.4 1.55


5 (Figure 6d) react. 11.5 11.2 11.2 6.6 3.15
TS 28.1� 27.6� 28.1� 24.0� 2.24
prod. �7.2 �5.6 �5.4 �6.2 1.56


[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.


Figure 6. The free-energy profiles (in kcalmol�1) for Equation (5). Eight conformers (four axial (a–d) and four equatorial (e–h)) of the reactant were
taken into account to explore all possible energy profiles. Paths a and b refer to Scheme 3.
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clearly show that the pseudoaxial attack is favored by ste-
reoelectronic reasons because, at the same isocontour level,
the molecular orbital involved in the forming C5�C3’ bond
had the same degree of completeness in the two TSs (data
not shown). However, the pseudoaxial bond formation
should be favored by the fact that it takes place on the op-
posite side of the axial 2-methyl substituent, whereas a pseu-
doequatorial attack could lead to steric hindrance with that
group (Scheme 4b). Much chemistry has been indeed based
on the axial preference of 2-alkyl substituents to the N atom
of unsaturated piperidines bearing an electron-withdrawing
N-protecting group and the way by which it strongly affects
the stereochemical outcome of additions to the enamine
double bond.[26]


Finally, we evaluated the energy profiles associated with
the Nazarov reaction of thiopyranyl derivative 12b (R1=


Me), which under acidic conditions generates carbocation
13b (R1=R2=Me, R3=Et) as the initial intermediate of the
electrocyclization process (Equation (6), Figure 7, and
Table 6). As in the case of the corresponding pyranyl deriva-
tive,[18] the 2-methyl group has a preferential equatorial ori-
entation in intermediate 12b, although the equatorial con-
former is more stable only by 0.9 kcalmol�1 than the axial


one, whereas this difference was 1.9 kcalmol�1 in the case of
the O derivative. The electrocyclization again preferentially
occurs along path a (Figure 7a and c), in which the new
bond is formed along the pseudoaxial direction (DG� =13.5
and 13.48 kcalmol�1). Path b is less favored (in both con-
formers) as the TSs have energies of 14.1 and 15.2 kcal
mol�1. Based on these calculations, we should expect that
the reaction could occur at room temperature (given the
DG� values), providing a greater amount of the trans com-
pound in the cyclization of 12b. However, based on the rela-
tive populations of the initial intermediates and the differen-
ces in DG� values, we should expect a trans/cis ratio lower
than 10:1 as observed in the Nazarov reaction of the corre-
sponding pyranyl derivative. Accordingly, subjecting the
latter under the usual acidic conditions (Amberlyst 15 in
ACHTUNGTRENNUNGdichloromethane at room temperature), we observed the
ACHTUNGTRENNUNGcomplete disappearance of the starting material after 16 h
ACHTUNGTRENNUNGwith the formation of an inseparable 3:1 mixture of
ACHTUNGTRENNUNGdiastereomers.


Conclusion


We have demonstrated that DFT calculations are well
suited to provide an in-depth understanding of the Nazarov
reaction of pentadienyl cations generated by protonation of
either dienones or alkoxytrienes. In particular, calculations
at the DFT/B3LYP/6-311G** level of theory accurately pre-
dicted, and accounted for, both in terms of reactivity and
torquoselectivity, the outcome of the Brønsted acid-cata-
lyzed electrocyclization of 4p-electron systems in which one
of the double bonds involved in the process is embedded in
N- and S-heterocyclic rings. The findings of this study can
be summarized as follows.


Effect of the heteroatom at C-6 on the reaction rate : Com-
pared to the corresponding carbacyclic systems, a S atom at
C-6 is capable of accelerating the reaction, whichever way
the pentadienyl cation is generated, that is, by protonation
of the corresponding dienone or the alkoxytriene. However,


Figure 7. The free-energy profiles (in kcalmol�1) for Equation (6). Four
conformers (two axial (a–b) and two equatorial (c–d)) of the reactant
were taken into account to explore all possible energy profiles. Paths a
and b refer to Scheme 3.


Table 6. Energies and geometrical parameters for Equation (6). Energy
values are in kcalmol�1.[a]


Equation DEelec D(Eelec+


ZPVE)
DGgas phase DGtotal C5�C3’ [R]


6 (Figure 7a) react. 1.0 1.1 1.3 0.9 3.09
TS 13.9� 13.8� 15.1� 13.5� 2.20
prod. �7.3 �5.4 �4.2 �4.6 1.56


6 (Figure 7b) react. 1.4 1.6 1.7 1.6 3.13
TS 14.7� 14.6� 15.6� 14.1� 2.23
prod. �9.2 �7.3 �6.0 �6.6 1.56


6 (Figure 7c) react. 0 0 0 0 3.09
TS 13.0� 12.7� 13.7� 13.4� 2.20
prod. �9.1 �7.5 �6.6 �5.9 1.55


6 (Figure 7d) react. 0.4 0.4 0.5 0.4 3.13
TS 14.2� 14.1� 15.0� 15.2� 2.23
prod. �9.9 �8.3 �7.0 �6.0 1.56


[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.
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slightly higher activation energies (15.3 vs. 13.4 kcalmol�1)
are associated with the electrocyclization of the dienones as
the protonated starting intermediate is stabilized by an
OH···S interaction. This difference of reactivity between di-
enone and alkoxytriene increases in the case of the analo-
gous N derivative. Our calculations predicted that the dien-
ones activation energies would be higher than 19 kcalmol�1


due to the strong hydrogen bond between the OH and the
N-protecting group in the reacting pentadienyl cation,
whereas in the cyclization of the ethoxytrienes, the activa-
tion energies decrease to 16 kcalmol�1. Therefore, in gener-
al, alkoxytrienes are more reactive than the corresponding
dienones under protic conditions. Repulsive steric interac-
tions between the N-protecting group and the ethoxy group,
which increase along the reaction profile from the starting
intermediate to the TS, instead account for the higher acti-
vation energies generally found for the N-heterocyclic deriv-
atives if compared to substrates substituted at C-6 by both
sulfur and oxygen. Similarly to the latter, both the N and S
atom at C-6 are capable of stabilizing the positive charge
that develops on this carbon atom in the TSs, thus account-
ing for the higher reactivity of N- and S-substituted sub-
strates relative to the carbacyclic dienones or ethoxytrienes.
The consistency of the above DFT (and all the other herein
reported) predictions about the reactivity with the experi-
mental results, suggests that DG� values, computed at the
DFT/B3LYP/6-311G** level of theory, lower than
14 kcalmol�1 stand for fast reactions at room temperature,
whereas DG� values higher than 18 kcalmol�1 correspond to
very slow reactions or reactions that do not occur at all
under the same conditions.


Stereoselectivity in the ring closure : The DFT calculations
showed that the formation of the new bond along a pseu-
doaxial direction is kinetically preferred. However, whether
this was or was not due to a greater orbital overlap in the
TS of path a when compared to the TS of path b could not
be univocally demonstrated in the light of the present calcu-
lations for both N and S derivatives. Notably, this is in con-
trast to our previous computational results obtained with
the pyranyl derivatives in which a greater orbital overlap
was found in the pseudoaxial bond formation, which ex-
plained the trans stereoselectivity in the cyclization. When a
protected N atom is present in the ring at C-6, the R1 sub-
stituent in the ring is axially oriented to reduce the A(1,3)


strain with the N-protecting group and the formation of the
new bond along the axial direction leads to the 2,5-cis com-
pounds. The exclusive formation of the cis compound we ex-
perimentally found is consistent with the activation energy
difference of 2.3 kcalmol�1 found between the two compet-
ing pathways, which is reasonably due to the intervention of
steric effects between the axial 2-methyl group and the
forming C5�C3’ bond. As for the 2-alkyl-substituted S deriv-
atives, small differences between equatorial and axial con-
formers of the pentadienyl cations, and between DG�


values, explain the low stereoselectivity in the ring closure.


In the light of the consistency observed between computa-
tional and experimental results, the usefulness of DFT calcu-
lations at the B3LYP/6-311G** level of theory as a robust
instrument for the prediction of reactivity and stereoselec-
tivity in such electrocyclic reactions is thus demonstrated.


Experimental Section


Computational methods : The gas-phase quantum chemical calculations
were performed by using the Gaussian 03 (G03)[27] program suite. For all
stationary points, both geometry and analytical frequency calculations
were carried out at the DFT level of theory by using the restricted
B3LYP hybrid functional,[28] which has already been successfully em-
ployed in the description of analogous pericyclic reactions.[9,20, 29] The em-
ployed basis set was the PopleGs 6-311G ACHTUNGTRENNUNG(d,p), which provides a single set
of polarization functions both for the heavy atoms and the hydrogen
atoms. Geometry optimizations were carried out in gas-phase by using
the G03 default convergence criteria, by means of the Berny algo-
rithm,[30] and the synchronous transit-guided quasi-Newton (STQN)
method[31] (QST2 routine implemented in G03) for the local minima and
saddle points, respectively. Frequency calculations at the reference T of
298.15 K were performed both to characterize stationary points and to
calculate their thermodynamic properties. Since the present study fo-
cused on free-energy differences (relative free-energy values) between
reactants and products and between reactants and saddle points, no scal-
ing factors were applied on the computed zero-point vibrational energies.
For all the reaction transition states hereafter reported, the diagonalized
mass-weighted Hessian matrix showed only one negative eigenvalue, re-
vealing a first-order saddle point. Moreover, for each identified saddle
point, the corresponding normal mode (related to the negative eigenval-
ue) involved nuclear displacements along the investigated reaction coor-
dinate. Besides, as a further piece of evidence for the proper reaction
path, some intrinsic reaction calculations (IRC)[32,33] on selected systems
were also carried out at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory (data not
shown). Finally, the solvent contribution was assessed in all stationary
points by means of the SMxGAUSS 2.0.1 program.[34] SMxGAUSS is a
quantum mechanical package that performs liquid-phase calculations by
using the SMx suite of universal solvation models developed by Truhlar
and co-workers.[35] The latter is a set of continuum solvation models
based on the generalized Born approximation, in which first-solvation ef-
fects are modeled with atomic surface tension functionals proportional to
the solvent-accessible surface area (SASAs) of the atoms in the solute.[35]


These functionals are parameterized to properly reproduce a wide set of
free energies of solvation in water and in organic solvents. Notably, the
SM5.43R universal model more accurately predicts both aqueous and or-
ganic free energy of solvation[35] than the framework of polarizable con-
tinuum model (PCM) methods.[36] Here, single-point self-consistent reac-
tion-field (SCRF) calculations on the previously converged geometries
were carried out in an implicit dichloromethane (CH2Cl2) continuum by
using the SM5.43R solvation model. The mPW1K hybrid functional was
chosen to describe the solute, as it has been suggested for calculating ki-
netics,[35] along with the 6-31G(d) basis set. Due to level of theory differ-
ences between the gas-phase calculations and the evaluation of the sol-
vent contributions, the solvent correction to the free energies differences
must be definitely intended as an independent addictive term. Briefly,
the relative molar free energies were calculated as follows:


DGtotal ¼ ðDGgas phaseÞB3LYP=6-311G** þ ðDGsolvationÞmPW1K=6-31G*


The gas-phase free energy is defined as:


DGgas phase ¼ DEelec þ DZPEþ DHvibr-rotðTÞ�TDSðTÞ


in which DEelec, DZPE, DHvibr-rot(T), and DS(T) are the electronic energy,
the zero-point energy, the vibrational-rotational enthalpy, and the total
entropy calculated at 298.15 K, respectively. The solvation free energy
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was calculated as follows:


DGsolvation ¼ DEelec þGp þGCDS þ DGvibr-rot


in which DEelec and DGvir-rot are the solute changing in electronic energy
and in vibrational-rotational free energy, respectively, following solvation,
Gp is the electronic polarization energy, and GCDS is a semiempirical term
(see Thompson et al. for details[34]).


Some calculations were carried out by adding one electron to the systems
to estimate the effects of the positive charge on both the reactants and
the transition states (see the Results and Discussion). These calculations
were carried out by using the restricted open-shell ROB3LYP functional
(employing the same basis set as reported above), as the spin multiplicity
passed from 1 to 2.


The partial charges were computed by following the standard two-stage
RESP fitting procedure[37,38] fitting first the polar areas by using weak hy-
perbolic restraints (0.0005 a.u.), and then fitting the remaining areas im-
posing equivalencies and by imposing a stronger restraint (0.001 a.u.).
The quantum electrostatic potential used was sampled by adapting the
Merz–Kollman–Singh (MKS) scheme,[39,40] namely, by using 10 concentric
layers at the default level of spacing, a surface density of 6 pointsR�2,
and the default MKS van der Waals radii (as elsewhere suggested[41]).


For the intermediates of Equations (1–6), one of the two enantiomers
was arbitrarily chosen for the study.


Metropolis Monte Carlo conformational searches were carried out at
300 K by using the MacroModel software package.[42] 10,000 conformers
were generated and the Metropolis criterion was adopted to accept or
discard any Monte Carlo move. All single bonds were left freely moving.
The outcomes of Monte Carlo conformational searches were clusterized
by means of AClAP,[43] by using the average linkage rule and the KGS
penalty function. This protocol has been proved to be well-suited to con-
formational analysis of low-to-high conformationally complex small or-
ganic molecules.[43b]


All calculations were performed on a Linux cluster employing an open
Mosix architecture.


General remarks : Chromatographic separations were performed under
pressure on silica gel by using flash-column techniques; Rf values refer to
TLC carried out on 0.25 mm silica gel plates with the same eluant indi-
cated for the column chromatography. THF was distilled from Na/benzo-
phenone. Dichloromethane was distilled from CaH2.


1H and 13C NMR
spectra were recorded on a Varian Gemini 200 (1H: 200 MHz, 13C:
50.33 MHz) or a JEOL Eclipse Plus 400 (1H: 400 MHz) at 25 8C. The
chemical shifts (d) and coupling constants (J) are expressed in ppm and
Hertz, respectively. Mass spectra were carried out by EI at 70 eV on a
Shimadzu GC/MS QP5050 instrument. Triflates 16 and 17 were prepared
as reported.[23] Compound 6b[15b] and 11[23] (Scheme 5) were prepared as
reported. 2-(1-Ethoxybuta-1,3-dienyl)-5,5-dimethyl ACHTUNGTRENNUNG[1,3,2]dioxaborinane
(19 ; Schemes 4 and 5) was prepared as reported.[44]


Methyl 6-[(1E)-1-ethoxybuta-1,3-dien-1-yl]-3,4-dihydropyridine-1(2H)car-
boxylate (7a): [PdCl2 ACHTUNGTRENNUNG(Ph3P)2] (35 mg, 0.05 mmol), boronate 19 (210 mg,
1.0 mmol), and a 2m aqueous K2CO3 solution (1 mL) were added to a so-
lution of 16 (289 mg, 1.0 mmol) in THF (7 mL), under an argon atmos-
phere. The mixture was stirred for 0.5 h at room temperature. Water
(25 mL) was then added, the mixture extracted with diethyl ether (3W
20 mL), and dried over K2CO3. Evaporation of the solvent afforded a
yellow oil that was purified by chromatography (EtOAc/petroleum ether
1:5, 1% Et3N, Rf=0.65) to give 7a (161 mg, 68% yield) as a pale-yellow
oil. 1H NMR (200 MHz, CDCl3): d=6.53 (dt, 3J ACHTUNGTRENNUNG(H,H)=16.8, 10.4 Hz,
1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.40 (d, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; CH2=CH�
CH=C ACHTUNGTRENNUNG(OEt)), 5.32 (t, J=3.7 Hz, 1H; H-5), 4.99 (dd, 3J ACHTUNGTRENNUNG(H,H)=16.8, 2J-
ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 4.77 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 2J-
ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 3.79 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
2H; OCH2CH3), 3.65 (s, 3H; CO2Me), 3.70–3.60 (m, 2H; CH2N), 2.21–
2.18 (m, 2H; 4-H, 4-H’), 1.96–1.73 (m, 2H; 3-H, 3-H’), 1.27 ppm (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; OCH2CH3);


13C NMR (50.33 MHz, CDCl3): d=


156.0 (s; CO2Me), 155.9 (s; C ACHTUNGTRENNUNG(OEt)), 133.6 (d; CH2=CH�), 133.1 (s; C-
6), 118.4 (d; C-5), 111.0 (t; CH2=CH�), 103.6 (d; C ACHTUNGTRENNUNG(OEt)=C), 63.5 (t; C-


2), 52.4 (q; OCH3), 43.7 (t; OCH2CH3), 23.0 (t; C-4), 22.9 (t; C-3),
14.5 ppm (q); MS (70 eV, EI): m/z (%): 237 (85) [M]+ , 208 (100), 176
(75), 148 (45), 136 (48); elemental analysis calcd (%) for C13H19NO3: C
65.80, H 8.07, N 5.90; found: C 65.67, H 7.91, N 5.78.


Methyl 5-methyl-7-oxo-2,3,4,5,6,7-hexahydro-1H-cyclopenta[b]pyridine-
1-carboxylate (10a): Amberlyst 15 (16 mg) was added to a solution of 7a
(118 mg, 0.5 mmol) in anhydrous CH2Cl2 (5 mL) under an argon atmos-
phere, and the resulting mixture was stirred at room temperature. The re-
action was monitored by TLC and after 18 h, the resin was filtered off
through a short pad of NaHCO3 and the solution concentrated under
vacuum. Crude products were purified by flash chromatography (AcOEt/
petroleum ether 1:3, 0.5% Et3N, Rf=0.45) to give pure 10a (56 mg,
54%). 1H NMR (200 MHz, CDCl3): d=3.75 (s, 3H; CO2Me), 3.65–3.50
(m, 2H; CH2N), 2.72 (m, 1H; 5-H), 2.66 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.9, 3J ACHTUNGTRENNUNG(H,H)=


6.7 Hz, 1H; 6-H), 2.47 (dt, 2J ACHTUNGTRENNUNG(H,H)=19.8, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 1H; 4-H),
2.20 (dt, 2J ACHTUNGTRENNUNG(H,H)=19.8, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 1H; 4-H’), 2.01 (d, 2J ACHTUNGTRENNUNG(H,H)=


15.9 Hz, 1H; 6-H’), 1.87–1.80 (m, 2H; 3-H, 3-H’), 1.17 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=


7.0 Hz, 3H; CCH3);
13C NMR (50.33 MHz, CDCl3): d=198.7 (s; C-7),


161.5 (s; CO2Me), 137.9 (s; C-7a), 131.4 (s; C-4a), 53.1 (q; OCH3), 44.1
(t; C-2), 42.8 (t; C-6), 33.3 (d; C-5), 23.9 (t; C-4), 22.2 (t; C-3), 19.1 ppm
(q; CCH3); MS (70 eV, EI): m/z (%): 209 (100) [M]+ , 195 (73), 193 (55),
152 (60), 149 (90), 121 (63), 106 (60), 92 (52); elemental analysis calcd
(%) for C11H15NO3: C 63.14, H 7.23, N 6.69; found: C 63.00, H 7.51, N
6.44.


(1E)-1-(3,4-Dihydro-2H-thiopyran-6-yl)buta-1,3-dien-1-yl ethyl ether
(12a): [PdCl2 ACHTUNGTRENNUNG(Ph3P)2] (35 mg, 0.05 mmol), boronate 19 (210 mg,
1.0 mmol), and a 2m aqueous K2CO3 solution (1 mL) were added to a so-
lution of 17 (248 mg, 1.0 mmol) in THF (7 mL), under an argon atmos-
phere. The mixture was stirred for 0.5 h at room temperature. Water
(25 mL) was then added, the mixture extracted with diethyl ether (3W
20 mL), and dried over K2CO3. Evaporation of the solvent afforded a
yellow oil which was purified by chromatography (EtOAc/petroleum
ether 1:9, 1% Et3N, Rf=0.80) to give 12a (141 mg, 72%) as a pale-
yellow oil. 1H NMR (200 MHz): d=6.57 (td, 3J ACHTUNGTRENNUNG(H,H)=16.8, 10.2 Hz, 1H;
CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.85 (t, 3J ACHTUNGTRENNUNG(H,H)=4.3 Hz, 1H; 5-H), 5.41 (d, 3J-
ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H; CH2=CH�CH=CACHTUNGTRENNUNG(OEt)), 5.03 (d, 3J ACHTUNGTRENNUNG(H,H)=


16.8 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 4.82 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H;
CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 3.82 (q, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H; OCH2CH3),
2.98–2.88 (m, 2H; CH2S), 2.29–2.25 (m, 2H; 4-H, 4-H’), 2.10–2.05 (m,
2H; 3-H, 3-H’), 1.31 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H; OCH2CH3);


13C NMR
(50.33 MHz, CDCl3): d=156.9 (s; C ACHTUNGTRENNUNG(OEt)), 133.6 (s; C-6), 127.5 (d;
CH2=CH�), 124.2 (d; C-5), 111.8 (t; CH2=CH�), 104.0 (d; C ACHTUNGTRENNUNG(OEt)=C),
63.4 (t; OCH2CH3), 26.9 (t; C-2), 24.0 (t; C-4), 21.6 (t; C-3), 14.4 ppm (q;
OCH2CH3); MS (70 eV, EI): m/z (%): 196 (100) [M]+ , 167 (85), 139 (70),
105 (65), 79 (95); elemental analysis calcd (%) for C11H16OS: C 67.30, H
8.22; found: C, 66.41; H 7.99.


5-Methyl-3,4,5,6-tetrahydrocyclopenta[b]thiopyran-7(2H)one (15a): Am-
berlyst 15 (16 mg) was added to a solution of (1-ethoxybuta-1,3-dienyl)-
3,4-dihydro-2H-thiopyran (12a ; 98 mg, 0.5 mmol) in anhydrous CH2Cl2
(5 mL) under an argon atmosphere, and the resulting mixture was stirred
at room temperature. The reaction was monitored by TLC and after 4 h,
the resin was filtered off through a short pad of NaHCO3 and the solu-
tion concentrated under vacuum. Crude products were purified by flash
chromatography (AcOEt/petroleum ether 1:4, 0.5% Et3N, Rf=0.4) to
give pure 15a (55 mg, 66%). 1H NMR (200 MHz, CDCl3): d=2.95–2.74
(m, 2H, 1H; CH2S, 5-H), 2.74–2.25 (m, 2H, 1H; 4-H, 4-H’, 6-H), 2.00 (d,
2J ACHTUNGTRENNUNG(H,H)=19.0 Hz, 1H; 6-H’), 2.05–1.95 (m, 2H; 3-H, 3-H’), 1.17 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CCH3);


13C NMR (50.33 MHz, CDCl3): d =204.1
(s; C-7), 167.8 (s; C-7a), 132.5 (s; C-4a), 42.3 (t; C-6), 37.9 (d; C-5); 25.2
(t; C-2, C-4), 22.1 (t, C-3), 18.7 ppm (q, CH3); MS (70 eV, EI): m/z : 168
(100) [M]+ , 153 (100), 139 (25), 97 (23); elemental analysis calcd (%) for
C9H12OS: C 64.25, H7.19; found: C 64.40, H 7.15.


5-Propyl-3,4,5,6-tetrahydrocyclopenta[b]thiopyran-7(2H)one (15b): Am-
berlyst 15 (6 mg) was added to a solution of 11 (25 mg, 0.13 mmol) in an-
hydrous CH2Cl2 (1.5 mL) under an argon atmosphere, and the resulting
mixture was stirred at room temperature. The reaction was monitored by
TLC and after 24 h, the resin was filtered off through a short pad of
NaHCO3 and the solution concentrated under vacuum. The ratio be-
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tween 15b (59%) and 11 (41%) was determined by 1H NMR spectro-
scopic analysis of the crude reaction mixture. This was then purified by
flash chromatography (EtOAc/petroleum ether 1:8, 0.5% Et3N, Rf=0.28)
to give pure 15b (14 mg) in 55% yield. Spectroscopic data of 15b are
identical to those reported.[15a]


2-Methyl-3,4-dihydro-2H-thiopyran-6-yl trifluoromethanesulfonate (18)


Preparation of 6-methyltetrahydro-2H-thiopyran-2-one : This was pre-
pared according to a slight modification of the reported procedure.[45] A
mixture of 6-methyltetrahydropyran-2-one (15 mmol), thiourea (1.1 g,
15 mmol), and hydrobromidric acid (2 mL, 48%) was refluxed whilst stir-
ring (6 h). After cooling, NaOH (2 g) in water (2 mL) was added and the
mixture was refluxed again under nitrogen for 2 h. The cooled solution
was extracted with ether and the ether extracts discarded. The aqueous
residue was acidified to pH 1 with concentrated hydrocloridric acid and
extracted with ether. The extracts were dried over sodium K2CO3 and
the solvent removed. The residue was then diluted with 25 mL of toluene
and refluxed for 1 h in the presence of catalytic p-toluene sulfonic acid.
After cooling, the organic layer was washed with water, dried over
K2CO3, and the solvent removed. The oil obtained was purified by distil-
lation. B.p. 85 8C (12 mm Hg); yield: 85%; 1H NMR (200 MHz, CDCl3):
d=3.54 (m, 1H), 2.57 (dt, J=17.5, 5.0 Hz, 1H), 2.42 (ddd, J=17.5, 10.5,
5.4 Hz, 1H), 2.15 (m, 1H), 2.02 (m, 1H), 1.82 (m, 1H), 1.53 (m, 1H),
1.31 ppm (d, J=6.7 Hz, 3H); 13C NMR (50.33 MHz, CDCl3): d=202.0
(s), 40.8 (d), 40.4 (t), 32.1 (t), 22.3 (q), 22.0 ppm (t).


Preparation of the triflate : The above 6-methyl-tetrahydrothiopyran-2-
one (158 mg, 1.21 mmol) in THF (4 mL) was added to a solution of po-
tassium hexamethyldisilazide (3.16 mL, 1.58 mmol) in THF (5 mL) at
�78 8C. After 1 h, N-phenyltrifluoromethansulfonimide (392 mg,
1.10 mmol) in THF (5 mL) was added. The mixture was stirred at �78 8C
for 1 h, and then the temperature was raised to room temperature for
6 h. Water (20 mL) was added and the mixture was extracted with Et2O.
The organic layer was then washed with NaOH 10% and brine. After
evaporation of the solvent, the crude product 18 (274 mg, 85%) was ob-
tained and used without further purification. 1H NMR (200 MHz,
CDCl3): d =5.84 (t, 3J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 1H; 5-H), 3.59 (m, 1H; 2-H), 2.55–
2.45 (m, 2H; 4-H, 4-H’), 2.02–1.85 (m, 2H; 3-H, 3-H’), 1.38 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH3).


6-[(1E)-1-Ethoxybuta-1,3-dien-1-yl]-2-methyl-3,4-dihydro-2H-thiopyran
(12c): [PdCl2 ACHTUNGTRENNUNG(Ph3P)2] (35 mg, 0.05 mmol), 2-(1-ethoxybuta-1,3-dienyl)-
5,5-dimethyl-[1,3,2]dioxaborinane (19 ; 210 mg, 1.0 mmol), and a 2m aque-
ous K2CO3 solution (1 mL) were added to a solution of crude triflate 18
(262 mg, 1.0 mmol) in THF (7 mL), under an argon atmosphere. The
mixture was stirred for 0.5 h at room temperature. Water (25 mL) was
then added, the mixture was extracted with diethyl ether (3W20 mL) and
dried over K2CO3. Evaporation of the solvent afforded a yellow oil which
was purified by chromatography (EtOAc/petroleum ether 1:9, 1% Et3N,
Rf=0.85) to give 12c (143 mg, 68%) as a pale-yellow oil. 1H NMR
(200 MHz, CDCl3): d =6.56 ppm (td, 3J ACHTUNGTRENNUNG(H,H)=17.0, 10.4 Hz, 1H; CH2=


CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.85 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.9, 4.7 Hz, 1H; 5-H), 5.42 (d, 3J-
ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.04 (dd, 3J ACHTUNGTRENNUNG(H,H)=17.0,
2J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 4.83 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4,
2J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 3.83 (q, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz,
2H; OCH2CH3) 3.25 (dqd, 3J ACHTUNGTRENNUNG(H,H)=2.5, 6.8, 9.8 Hz, 1H; CHS), 2.45–
2.30 (m, 2H; 4-H, 4-H’), 2.05–2.25 (m, 2H; 3-H, 3-H’), 1.69 (t, 3J ACHTUNGTRENNUNG(H,H)=


7.0 Hz, 3H; OCH2CH3), 1.34 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH3);
13C NMR (50.33 MHz, CDCl3): d=156.9 (s; C ACHTUNGTRENNUNG(OEt)), 133.7 (s; C-6),
127.8 (d; CH2=CH�), 123.6 (d; C-5), 111.9 (t; CH2=CH�), 104.8 (d; C-
ACHTUNGTRENNUNG(OEt)=C), 63.4 (t; OCH2CH3), 35.6 (d; C-2), 30.3 (t; C-4), 24.4 (t; C-3),
21.0 (q; CH3), 14.5 ppm (q; OCH2CH3); MS (70 eV, EI): m/z : 210 (100)
[M]+ , 181 (75), 139 (25), 55 (21); elemental analysis calcd (%) for
C12H18OS: C 68.52, H 8.63; found: C 68.32, H, 8.51.


2,5-Dimethyl-3,4,5,6-tetrahydrocyclopenta[b]thiopyran-7(2H)one (15c):
Amberlyst 15 (2.3 equivg�1, 10 mg) was added to a solution of 12c
(72 mg, 0.34 mmol) in anhydrous CH2Cl2 (5 mL) under an argon atmos-
phere, and the resulting mixture was stirred at room temperature. The re-
action was monitored by TLC and after 4 h, the resin was filtered off
through a short pad of NaHCO3 and the solution concentrated under
vacuum. Crude products were purified by flash chromatography (AcOEt/


petroleum ether 1:4, 0.5% Et3N, Rf=0.4) to give 15c (49 mg, 79%) as a
3:1 diastereomeric mixture. 1H NMR (400 MHz, CDCl3): major diaste-
reomer: d =3.25–3.10 (m, 1H; CHS), 2.93–2.72 (m, 1H; 5-H), 2.65 (dd,
2J ACHTUNGTRENNUNG(H,H)=17.4, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz; 6-H), 2.60–2.47 (m, 1H; 4-H), 2.45–2.32
(m, 1H; 4-H’), 2.27–2.13 (m, 1H; 3-H), 1.97 (dd, 2J ACHTUNGTRENNUNG(H,H)=17.4, 3J-
ACHTUNGTRENNUNG(H,H)=0.9 Hz, 1H; 6-H’), 1.85–1.70 (m, 1H; 3-H’), 1.29 (d, 3J ACHTUNGTRENNUNG(H,H)=


6.8 Hz, 3H; CH3), 1.12 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3);
13C NMR


(50.33 MHz, CDCl3): d =203.9 (s, C-7), 167.3 (s, C-7a), 133.3 (s, C-4a),
42.7 (t, C-6), 37.8 (d, C-5), 34.7 (d, C-2), 30.7 (t, C-4), 25.5 (t, C-3), 20.8
(q, 2-CH3), 18.7 ppm (q, CH3); MS (70 eV, EI): m/z : 182 (100) [M]+ , 167
(100), 154 (25), 97 (23); elemental analysis calcd (%) for C10H14OS: C
65.89, H 7.74; found: C 65.40, H 7.45.


Acknowledgements


The authors wish to thank Mrs. B. Innocenti and Mr. M. Passaponti for
technical assistance. MIUR-COFIN is gratefully acknowledged for finan-
cial support.


[1] Comprehensive Organic Synthesis, Vol. 5 (Eds.: B. M. Trost, I. Flem-
ing; Vol. Ed.: L. A. Paquette), Pergamon Press, Oxford, 1991.


[2] I. Fleming, Pericyclic Reactions ; Oxford University Press, Oxford,
2004.


[3] F. L. Ansari, R. Qureshi, M. L. Qureshi, Electrocyclic Reactions,
From Fundamentals to Research, Wiley-VCH, Weinheim, 1999.


[4] a) K. N. Houk, in Strain and Its Implications in Organic Chemistry
(Eds.: A. de Meijere, S. Blechert), Kluwer Academic Publishers,
Boston, 1989, pp. 25–37; b) A. B. Buda, Y. Wang, K. N. Houk, J.
Org. Chem. 1989, 54, 2264–2266.


[5] a) P. S. Lee, X. Zhang, K. N. Houk, J. Am. Chem. Soc. 2003, 125,
5072–5079; b) M. Murakami, Y. Miyamoto, Y. Ito, Angew. Chem.
2001, 113, 182–184; Angew. Chem. Int. Ed. 2001, 40, 189–190;
c) M. J. Walker, B. N. Hietbrink, B. E. Thomas IV, K. Nakamura,
E. A. Kallel, K. N. Houk, J. Am. Chem. Soc. 2001, 123, 6669–6672;
d) S. Niwayama, E. A. Kallel, D. C. Spellmeyer, C. Sheu, K. N.
Houk, J. Org. Chem. 1996, 61, 2813–2825; e) S. Niwayama, E. A.
Kallel, C. Sheu, K. N. Houk, J. Org. Chem. 1996, 61, 2517–2522;
f) W. R. Dolbier, Jr, H. Koroniak, K. N. Houk, C. Sheu, Acc. Chem.
Res. 1996, 29, 471–477; g) C. W. Jefford, G. Bernardinelli, Y. Wang,
D. C. Spellmeyer, A. Buda, K. N. Houk, J. Am. Chem. Soc. 1992,
114, 1157–1165; h) J. D. Evanseck, B. E. Thomas IV, K. N. Houk, J.
Org. Chem. 1995, 60, 7134–7141; i) K. Nakamura, K. N. Houk, J.
Org. Chem. 1994, 60, 686–691; j) W. Kirmse, N. G. Rondan, K. N.
Houk, J. Am. Chem. Soc. 1984, 106, 7989–7991.


[6] a) D. A. Smith, C. W. Ulmer II, J. Org. Chem. 1993, 58, 4118–4121;
b) D. A. Smith, C. W. Ulmer II, J. Org. Chem. 1997, 62, 5110–5115;
c) D. A. Smith, C. W. Ulmer II, Tetrahedron Lett. 1991, 32, 725–728.


[7] S. E. Denmark, M. A. Wallace, C. B. Walker, J. Org. Chem. 1990, 55,
5543–5545.


[8] E. A. Kallel, K. N. Houk, J. Org. Chem. 1989, 54, 6006–6008.
[9] a) L. O. N. Faza, C. S. LXpez, R. Ylvarez, Y. R. de Lera, Chem. Eur.


J. 2004, 10, 4324–4333.
[10] M. Harmata, P. R. Schreiner, D. R. Lee, P. L. Kirchhoefer, J. Am.


Chem. Soc. 2004, 126, 10954–10957.
[11] S. M. Bachrach, Computational Organic Chemistry, Wiley-Inter-


science, Hoboken, NJ, 2007.
[12] For some recent examples of applications of the Nazarov reaction in


the synthesis of natural products, see: a) W. He, J. Huang, X. Sun,
A. J. Frontier, J. Am. Chem. Soc. 2008, 130, 300–308; b) D. R. Wil-
liams, L. A. Robinson, L. A. Nevill, J. P. Reddy, Angew. Chem. 2007,
119, 933–936; Angew. Chem. Int. Ed. 2007, 46, 915–918; c) G. X.
Liang, Y. Xu, I. B. Seiple, D. Trauner, J. Am. Chem. Soc. 2006, 128,
11022–11023; d) G. O. Berger, M. A. Tius, J. Org. Chem. 2007, 72,
6473–6480; e) L. F. Wan, M. A. Tius, Org. Lett. 2007, 9, 647–650;
f) E. G. Occhiato, C. Prandi, A. Ferrali, A. Guarna, J. Org. Chem.
2005, 70, 4542–4545; reviews on the Nazarov reaction: g) K. L.


Chem. Eur. J. 2008, 14, 9292 – 9304 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9303


FULL PAPERThe Nazarov Reaction



http://dx.doi.org/10.1021/jo00271a003

http://dx.doi.org/10.1021/jo00271a003

http://dx.doi.org/10.1021/jo00271a003

http://dx.doi.org/10.1021/jo00271a003

http://dx.doi.org/10.1021/ja0287635

http://dx.doi.org/10.1021/ja0287635

http://dx.doi.org/10.1021/ja0287635

http://dx.doi.org/10.1021/ja0287635

http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C182::AID-ANGE182%3E3.0.CO;2-V

http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C182::AID-ANGE182%3E3.0.CO;2-V

http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C182::AID-ANGE182%3E3.0.CO;2-V

http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C182::AID-ANGE182%3E3.0.CO;2-V

http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C189::AID-ANIE189%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C189::AID-ANIE189%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C189::AID-ANIE189%3E3.0.CO;2-L

http://dx.doi.org/10.1021/jo950884i

http://dx.doi.org/10.1021/jo950884i

http://dx.doi.org/10.1021/jo950884i

http://dx.doi.org/10.1021/jo950899g

http://dx.doi.org/10.1021/jo950899g

http://dx.doi.org/10.1021/jo950899g

http://dx.doi.org/10.1021/ar9501986

http://dx.doi.org/10.1021/ar9501986

http://dx.doi.org/10.1021/ar9501986

http://dx.doi.org/10.1021/ar9501986

http://dx.doi.org/10.1021/ja00030a005

http://dx.doi.org/10.1021/ja00030a005

http://dx.doi.org/10.1021/ja00030a005

http://dx.doi.org/10.1021/ja00030a005

http://dx.doi.org/10.1021/jo00127a016

http://dx.doi.org/10.1021/jo00127a016

http://dx.doi.org/10.1021/jo00127a016

http://dx.doi.org/10.1021/jo00127a016

http://dx.doi.org/10.1021/ja00337a067

http://dx.doi.org/10.1021/ja00337a067

http://dx.doi.org/10.1021/ja00337a067

http://dx.doi.org/10.1021/jo00067a054

http://dx.doi.org/10.1021/jo00067a054

http://dx.doi.org/10.1021/jo00067a054

http://dx.doi.org/10.1021/jo9703313

http://dx.doi.org/10.1021/jo9703313

http://dx.doi.org/10.1021/jo9703313

http://dx.doi.org/10.1016/S0040-4039(00)74868-4

http://dx.doi.org/10.1016/S0040-4039(00)74868-4

http://dx.doi.org/10.1016/S0040-4039(00)74868-4

http://dx.doi.org/10.1021/jo00308a001

http://dx.doi.org/10.1021/jo00308a001

http://dx.doi.org/10.1021/jo00308a001

http://dx.doi.org/10.1021/jo00308a001

http://dx.doi.org/10.1021/jo00287a004

http://dx.doi.org/10.1021/jo00287a004

http://dx.doi.org/10.1021/jo00287a004

http://dx.doi.org/10.1021/ja048942h

http://dx.doi.org/10.1021/ja048942h

http://dx.doi.org/10.1021/ja048942h

http://dx.doi.org/10.1021/ja048942h

http://dx.doi.org/10.1021/ja0761986

http://dx.doi.org/10.1021/ja0761986

http://dx.doi.org/10.1021/ja0761986

http://dx.doi.org/10.1002/ange.200603853

http://dx.doi.org/10.1002/ange.200603853

http://dx.doi.org/10.1002/ange.200603853

http://dx.doi.org/10.1002/ange.200603853

http://dx.doi.org/10.1002/anie.200603853

http://dx.doi.org/10.1002/anie.200603853

http://dx.doi.org/10.1002/anie.200603853

http://dx.doi.org/10.1021/ja062505g

http://dx.doi.org/10.1021/ja062505g

http://dx.doi.org/10.1021/ja062505g

http://dx.doi.org/10.1021/ja062505g

http://dx.doi.org/10.1021/jo070923d

http://dx.doi.org/10.1021/jo070923d

http://dx.doi.org/10.1021/jo070923d

http://dx.doi.org/10.1021/jo070923d

http://dx.doi.org/10.1021/ol062919e

http://dx.doi.org/10.1021/ol062919e

http://dx.doi.org/10.1021/ol062919e

http://dx.doi.org/10.1021/jo0504058

http://dx.doi.org/10.1021/jo0504058

http://dx.doi.org/10.1021/jo0504058

http://dx.doi.org/10.1021/jo0504058

www.chemeurj.org





Habermas, S. E. Denmark, T. D. Jones, Org. React. 1994, 45, 1–158;
h) S. E. Denmark, in Comprehensive Organic Synthesis, Vol. 5 (Eds.:
B. M. Trost, I. Fleming; Vol. Ed.: L. A. Paquette), Pergamon Press,
Oxford, 1991, pp. 751–784; i) M. A. Tius, Eur. J. Org. Chem. 2005,
2193–2206; j) H. Pellissier, Tetrahedron 2005, 61, 6479–6517;
k) A. J. Frontier, C. Collison, Tetrahedron 2005, 61, 7577–7606.


[13] M. Rueping, W. Ieawsuwan, A. P. Antonchick, B. J. Nachtstein,
Angew. Chem. 2007, 119, 2143–2146; Angew. Chem. Int. Ed. 2007,
46, 2097–2100.


[14] a) W. He, I. Herrick, T. A. Atesin, P. A. Caruana, C. A. Kallenberg-
er, A. J. Frontier, J. Am. Chem. Soc. 2008, 130, 1003–1011; b) W.
He, J. Huang, X. Sun, A. J. Frontier, J. Am. Chem. Soc. 2007, 129,
489–499; c) J. A. Malona, J. M. Colbourne, A. J. Frontier, Org. Lett.
2006, 8, 5661–5664; d) M. Janka, M. He, A. J. Frontier, C. Flaschen-
riem, R. Eisenberg, Tetrahedron 2005, 61, 6193–6206; e) M. Janka,
W. He, A. J. Frontier, R. Eisenberg, J. Am. Chem. Soc. 2004, 126,
6864–6865; f) W. He, X. Sun, A. J. Frontier, J. Am. Chem. Soc.
2003, 125, 14278–14279.


[15] a) L. Bartali, P. Larini, A. Guarna, E. G. Occhiato, Synthesis 2007,
1733–1737; b) P. Larini, A. Guarna, E. G. Occhiato, Org. Lett. 2006,
8, 781–784; c) C. Prandi, A. Deagostino, P. Venturello, E. G. Oc-
chiato, Org. Lett. 2005, 7, 4345–4348; d) E. G. Occhiato, C. Prandi,
A. Ferrali, A. Guarna, P. Venturello, J. Org. Chem. 2003, 68, 9728–
9741; e) E. G. Occhiato, C. Prandi, A. Ferrali, A. Guarna, A. Dea-
gostino, P. Venturello, J. Org. Chem. 2002, 67, 7144–7146.


[16] a) G. Liang, D. Trauner, J. Am. Chem. Soc. 2004, 126, 9544–9545;
b) G. Liang, S. N. Gradl, D. Trauner, Org. Lett. 2003, 5, 4931–4934.


[17] C. Prandi, A. Ferrali, A. Guarna, P. Venturello, E. G. Occhiato, J.
Org. Chem. 2004, 69, 7705–7709.


[18] A: Cavalli, M. Masetti, M. Recanatini, C. Prandi, A. Guarna, E. G.
Occhiato, Chem. Eur. J. 2006, 12, 2836–2845.


[19] For example: a) H. Drautz, H. ZZhner, E. Kupfer, W. Keller-Schier-
lein, Helv. Chim. Acta, 1981, 64, 1752–1765; b) S. Grabley, H.
Kluge, H.-U. Hoppe, Angew. Chem. 1987, 99, 692–693; Angew.
Chem. Int. Ed. Engl. 1987, 26, 664–665; c) S. Grabley, P. Hammann,
H. Kluge, J. Wink, P. Kricke, A. Zeek, J. Antibiot. 1991, 44, 797–
800; d) C. Puder, P. Krastel, A. Zeeck, J. Nat. Prod. 2000, 63, 1258–
1260; e) C. Puder, S. Loya, A. Hizi, A. Zeeck, J. Nat. Prod. 2001, 64,
42–45; f) B. M. Trost, C. K. Chung, A. B. Pinkerton, Angew. Chem.
2004, 116, 4427–4429; Angew. Chem. Int. Ed. 2004, 43, 4327–4329;
g) S. Omura, H. Tanaka, J. Awaya, Y. Narimatsu, Y. Konda, T. Hata,
Agric. Biol. Chem. 1974, 38, 899–906; h) A. I. Gurevich, M. N. Kolo-
sov, V. G. Korobko, V. V. Onoprienko, Tetrahedron Lett. 1968, 9,
2209–2212; i) S. J. Bamford, T. Luker, W. N. Speckamp, H. Hiem-
stra, Org. Lett. 2000, 2, 1157–1160; j) C. H. Heathcock, M. H.
Norman, D. A. Dickman, J. Org. Chem. 1990, 55, 798–811; k) L. E.
Overman, G. M. Robertson, A. J. Robichaud, J. Am. Chem. Soc.
1991, 113, 2598–2610; l) L. E. Overman, M. Sworin, L. Bass, J.
Clardy, Tetrahedron 1981, 37, 4041–4045; related and proline-specif-
ic Maillard compounds: m) C.-W. Chen, G. Lu, C.-T. Ho, J. Agric.
Food Chem. 1997, 45, 2996–2999.


[20] a) V. Polo, J. Andr[s, J. Chem. Theory Comput. 2007, 3, 816–823;
b) F.-Q. Shi, X. Li, Y. Xia, L. Zhang, Z.-X. Yu, J. Am. Chem. Soc.
2007, 129, 15503–15512.


[21] Conditions used for carrying out the Nazarov reaction under Brøn-
ACHTUNGTRENNUNGsted acidic conditions: CH2Cl2 as a solvent in the presence of cata-
lytic amounts of the acidic resin Amberlyst 15 (32 mg per mmol of
ACHTUNGTRENNUNGsubstrate).


[22] The OH···S hydrogen bond is known, for example, see: a) S. Mille-
fiori, A. Millefiori, J. Chem. Soc. Faraday Trans. 2 1989, 85, 1465–
1475; b) H. Yoshida, T. Harada, T. Murase, K. Ohno, H. Matsuura,
J. Phys. Chem. A 1997, 101, 1731–1737.


[23] L. Bartali, A. Guarna, P. Larini, E. G. Occhiato, Eur. J. Org. Chem.
2007, 2152–2163.


[24] a) We prepared n-propyl-substituted dienone 6b (R1=H, R2=nPr)
instead of the corresponding methyl-substituted dienone 6a (R1=H,


R2=Me) as the 1-propenylboronic acid was commercially available.
However calculations were carried out on 6a as this has a more re-
stricted conformational space. b) As suggested by one referee, we
subjected to the usual Nazarov reaction conditions also the corre-
sponding C3’-unsubstituted (i.e., lacking the n-propyl chain) dien-
one, but again no formation of the product was observed (degrada-
tion of the starting material instead took place).


[25] This result is consistent with our previous findings on the failed elec-
trocyclization of differently N-protected (N-Cbz) dienones analo-
gous to 6. See reference [15d].


[26] a) T. Momose, N. Toyooka, J. Org. Chem. 1994, 59, 943–945, and
references therein; b) D. L. Comins, S. P. Joseph, in Advances in Ni-
trogen Heterocycles, Vol. 2 (Ed.: C. J. Moody) JAI Press, Greenwich,
CT, 1996, pp. 251–294; c) J. T. Kuethe, C. A. Brooks, D. L. Comins,
Org. Lett. 2003, 5, 321–323; d) J. D. Ha, C. H. Kang, K. A. Belmore,
J. K. Cha, J. Org. Chem. 1998, 63, 3810–3811; e) N. Toyooka, M.
Okumura, H. Takahata, H. Nemoto, Tetrahedron 1999, 55, 10673–
10684; f) T. Luker, H. Hiemstra, W. N. Speckamp, J. Org. Chem.
1997, 62, 3592–3596.


[27] Gaussian 03 (Revision B.05), M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon E. S. P. Replogle,
J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2003.


[28] A. D. Becke, J. Chem. Phys. 1993, 98, 1372–1377.
[29] B. Iglesias, \. R. de Lera, J. Rodr]guez-Otero, S. LXpez, Chem. Eur.


J. 2000, 6, 4021–4033.
[30] C. Peng, P. Y. Ayala, H. B. Schlegel, M. J. Frisch, J. Comput. Chem.


1996, 17, 49–56.
[31] C. Peng, H. B. Schlegel, Isr. J. Chem. 1993, 33, 449–454.
[32] C. Gonzalez, H. B. Schlegel, J. Chem. Phys. 1989, 90, 2154–2161.
[33] C. Gonzalez, H. B. Schlegel, J. Phys. Chem. 1990, 94, 5523–5527.
[34] J. D. Thompson, C. J. Cramer, D. G. Truhlar, J. Phys. Chem. A 2004,


108, 6532.
[35] J. D. Thompson, C. J. Cramer, D. G. Truhlar, Theor. Chem. Acc.


2005, 113, 107–131.
[36] S. Miertus, E. Scrocco, J. Tomasi, Chem. Phys. 1981, 55, 117–129.
[37] C. I. Bayly, P. Cieplak, W. D. Cornell P. A. Kollman, J. Phys. Chem.


1993, 97, 10269–10280.
[38] W. D. Cornell, P. Cieplak, C. I. Bayly, P. A. Kollman, J. Am. Chem.


Soc. 1993, 115, 9620–9631.
[39] U. C. Singh, P. A. Kollman, J. Comput. Chem. 1983, 5, 129–145.
[40] B. H. Besler, K. M. Merz, P. A. Kollman, J. Comput. Chem. 1990, 11,


431–439.
[41] E. Sigfridsson, U. Ryde, J. Comput. Chem. 1998, 19, 377–395.
[42] F. Mohamadi, N. G. J. Richards, W. C. Guida, R. M. J. Liskamp,


M. A. Lipton, C. E. Caulfield, G. Chang, T. F. Hendrickson, W. C.
Still, J. Comput. Chem. 1990, 1, 440–467.


[43] a) G. Bottegoni, W. Rocchia, M. Recanatini, A. Cavalli, Bioinfor-
matics 2006, 22, e58–e65; b) G. Bottegoni, A. Cavalli, M. Recanati-
ni, J. Chem. Inf. Model. 2006, 46, 852–862.


[44] P. Balma Tivola, A. Deagostino, C. Prandi, P. Venturello, Org. Lett.
2002, 4, 1275–1277.


[45] I. Roling, H.-G. Schamrr, W. Eisenreich, K.-H. Engel, J. Agric. Food
Chem. 1998, 46, 668–672.


Received: May 28, 2008
Published online: August 27, 2008


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9292 – 93049304


A. Cavalli, E. G. Occhiato et al.



http://dx.doi.org/10.1002/ejoc.200500005

http://dx.doi.org/10.1002/ejoc.200500005

http://dx.doi.org/10.1002/ejoc.200500005

http://dx.doi.org/10.1002/ejoc.200500005

http://dx.doi.org/10.1002/ange.200604809

http://dx.doi.org/10.1002/ange.200604809

http://dx.doi.org/10.1002/ange.200604809

http://dx.doi.org/10.1002/anie.200604809

http://dx.doi.org/10.1002/anie.200604809

http://dx.doi.org/10.1002/anie.200604809

http://dx.doi.org/10.1002/anie.200604809

http://dx.doi.org/10.1021/ja077162g

http://dx.doi.org/10.1021/ja077162g

http://dx.doi.org/10.1021/ja077162g

http://dx.doi.org/10.1021/ol062403v

http://dx.doi.org/10.1021/ol062403v

http://dx.doi.org/10.1021/ol062403v

http://dx.doi.org/10.1021/ol062403v

http://dx.doi.org/10.1016/j.tet.2005.03.114

http://dx.doi.org/10.1016/j.tet.2005.03.114

http://dx.doi.org/10.1016/j.tet.2005.03.114

http://dx.doi.org/10.1021/ja049643v

http://dx.doi.org/10.1021/ja049643v

http://dx.doi.org/10.1021/ja049643v

http://dx.doi.org/10.1021/ja049643v

http://dx.doi.org/10.1021/ja037910b

http://dx.doi.org/10.1021/ja037910b

http://dx.doi.org/10.1021/ja037910b

http://dx.doi.org/10.1021/ja037910b

http://dx.doi.org/10.1021/ol053071h

http://dx.doi.org/10.1021/ol053071h

http://dx.doi.org/10.1021/ol053071h

http://dx.doi.org/10.1021/ol053071h

http://dx.doi.org/10.1021/ol051464a

http://dx.doi.org/10.1021/ol051464a

http://dx.doi.org/10.1021/ol051464a

http://dx.doi.org/10.1021/jo034939p

http://dx.doi.org/10.1021/jo034939p

http://dx.doi.org/10.1021/jo034939p

http://dx.doi.org/10.1021/jo025930a

http://dx.doi.org/10.1021/jo025930a

http://dx.doi.org/10.1021/jo025930a

http://dx.doi.org/10.1021/ja0476664

http://dx.doi.org/10.1021/ja0476664

http://dx.doi.org/10.1021/ja0476664

http://dx.doi.org/10.1021/ol036019z

http://dx.doi.org/10.1021/ol036019z

http://dx.doi.org/10.1021/ol036019z

http://dx.doi.org/10.1021/jo0489263

http://dx.doi.org/10.1021/jo0489263

http://dx.doi.org/10.1021/jo0489263

http://dx.doi.org/10.1021/jo0489263

http://dx.doi.org/10.1002/chem.200501391

http://dx.doi.org/10.1002/chem.200501391

http://dx.doi.org/10.1002/chem.200501391

http://dx.doi.org/10.1002/ange.19870990718

http://dx.doi.org/10.1002/ange.19870990718

http://dx.doi.org/10.1002/ange.19870990718

http://dx.doi.org/10.1002/anie.198706641

http://dx.doi.org/10.1002/anie.198706641

http://dx.doi.org/10.1002/anie.198706641

http://dx.doi.org/10.1002/anie.198706641

http://dx.doi.org/10.1021/np0001373

http://dx.doi.org/10.1021/np0001373

http://dx.doi.org/10.1021/np0001373

http://dx.doi.org/10.1021/np000377i

http://dx.doi.org/10.1021/np000377i

http://dx.doi.org/10.1021/np000377i

http://dx.doi.org/10.1021/np000377i

http://dx.doi.org/10.1002/ange.200460058

http://dx.doi.org/10.1002/ange.200460058

http://dx.doi.org/10.1002/ange.200460058

http://dx.doi.org/10.1002/ange.200460058

http://dx.doi.org/10.1002/anie.200460058

http://dx.doi.org/10.1002/anie.200460058

http://dx.doi.org/10.1002/anie.200460058

http://dx.doi.org/10.1016/S0040-4039(00)89721-X

http://dx.doi.org/10.1016/S0040-4039(00)89721-X

http://dx.doi.org/10.1016/S0040-4039(00)89721-X

http://dx.doi.org/10.1016/S0040-4039(00)89721-X

http://dx.doi.org/10.1021/ol005750s

http://dx.doi.org/10.1021/ol005750s

http://dx.doi.org/10.1021/ol005750s

http://dx.doi.org/10.1021/jo00290a006

http://dx.doi.org/10.1021/jo00290a006

http://dx.doi.org/10.1021/jo00290a006

http://dx.doi.org/10.1021/ja00007a038

http://dx.doi.org/10.1021/ja00007a038

http://dx.doi.org/10.1021/ja00007a038

http://dx.doi.org/10.1021/ja00007a038

http://dx.doi.org/10.1016/S0040-4020(01)93279-X

http://dx.doi.org/10.1016/S0040-4020(01)93279-X

http://dx.doi.org/10.1016/S0040-4020(01)93279-X

http://dx.doi.org/10.1021/jf970197n

http://dx.doi.org/10.1021/jf970197n

http://dx.doi.org/10.1021/jf970197n

http://dx.doi.org/10.1021/jf970197n

http://dx.doi.org/10.1021/ct7000304

http://dx.doi.org/10.1021/ct7000304

http://dx.doi.org/10.1021/ct7000304

http://dx.doi.org/10.1021/ja071070+

http://dx.doi.org/10.1021/ja071070+

http://dx.doi.org/10.1021/ja071070+

http://dx.doi.org/10.1021/ja071070+

http://dx.doi.org/10.1039/f29898501465

http://dx.doi.org/10.1039/f29898501465

http://dx.doi.org/10.1039/f29898501465

http://dx.doi.org/10.1021/jp9624010

http://dx.doi.org/10.1021/jp9624010

http://dx.doi.org/10.1021/jp9624010

http://dx.doi.org/10.1002/ejoc.200601089

http://dx.doi.org/10.1002/ejoc.200601089

http://dx.doi.org/10.1002/ejoc.200601089

http://dx.doi.org/10.1002/ejoc.200601089

http://dx.doi.org/10.1021/jo00084a004

http://dx.doi.org/10.1021/jo00084a004

http://dx.doi.org/10.1021/jo00084a004

http://dx.doi.org/10.1021/ol027308a

http://dx.doi.org/10.1021/ol027308a

http://dx.doi.org/10.1021/ol027308a

http://dx.doi.org/10.1021/jo980593k

http://dx.doi.org/10.1021/jo980593k

http://dx.doi.org/10.1021/jo980593k

http://dx.doi.org/10.1016/S0040-4020(99)00603-1

http://dx.doi.org/10.1016/S0040-4020(99)00603-1

http://dx.doi.org/10.1016/S0040-4020(99)00603-1

http://dx.doi.org/10.1021/jo962347j

http://dx.doi.org/10.1021/jo962347j

http://dx.doi.org/10.1021/jo962347j

http://dx.doi.org/10.1021/jo962347j

http://dx.doi.org/10.1063/1.464304

http://dx.doi.org/10.1063/1.464304

http://dx.doi.org/10.1063/1.464304

http://dx.doi.org/10.1002/1521-3765(20001103)6:21%3C4021::AID-CHEM4021%3E3.3.CO;2-E

http://dx.doi.org/10.1002/1521-3765(20001103)6:21%3C4021::AID-CHEM4021%3E3.3.CO;2-E

http://dx.doi.org/10.1002/1521-3765(20001103)6:21%3C4021::AID-CHEM4021%3E3.3.CO;2-E

http://dx.doi.org/10.1002/1521-3765(20001103)6:21%3C4021::AID-CHEM4021%3E3.3.CO;2-E

http://dx.doi.org/10.1002/(SICI)1096-987X(19960115)17:1%3C49::AID-JCC5%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1096-987X(19960115)17:1%3C49::AID-JCC5%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1096-987X(19960115)17:1%3C49::AID-JCC5%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1096-987X(19960115)17:1%3C49::AID-JCC5%3E3.0.CO;2-0

http://dx.doi.org/10.1063/1.456010

http://dx.doi.org/10.1063/1.456010

http://dx.doi.org/10.1063/1.456010

http://dx.doi.org/10.1021/j100377a021

http://dx.doi.org/10.1021/j100377a021

http://dx.doi.org/10.1021/j100377a021

http://dx.doi.org/10.1021/jp0496295

http://dx.doi.org/10.1021/jp0496295

http://dx.doi.org/10.1007/s00214-004-0614-z

http://dx.doi.org/10.1007/s00214-004-0614-z

http://dx.doi.org/10.1007/s00214-004-0614-z

http://dx.doi.org/10.1007/s00214-004-0614-z

http://dx.doi.org/10.1021/j100142a004

http://dx.doi.org/10.1021/j100142a004

http://dx.doi.org/10.1021/j100142a004

http://dx.doi.org/10.1021/j100142a004

http://dx.doi.org/10.1021/ja00074a030

http://dx.doi.org/10.1021/ja00074a030

http://dx.doi.org/10.1021/ja00074a030

http://dx.doi.org/10.1021/ja00074a030

http://dx.doi.org/10.1002/jcc.540110404

http://dx.doi.org/10.1002/jcc.540110404

http://dx.doi.org/10.1002/jcc.540110404

http://dx.doi.org/10.1002/jcc.540110404

http://dx.doi.org/10.1002/(SICI)1096-987X(199803)19:4%3C377::AID-JCC1%3E3.0.CO;2-P

http://dx.doi.org/10.1002/(SICI)1096-987X(199803)19:4%3C377::AID-JCC1%3E3.0.CO;2-P

http://dx.doi.org/10.1002/(SICI)1096-987X(199803)19:4%3C377::AID-JCC1%3E3.0.CO;2-P

http://dx.doi.org/10.1093/bioinformatics/btl212

http://dx.doi.org/10.1093/bioinformatics/btl212

http://dx.doi.org/10.1093/bioinformatics/btl212

http://dx.doi.org/10.1093/bioinformatics/btl212

http://dx.doi.org/10.1021/ci050141q

http://dx.doi.org/10.1021/ci050141q

http://dx.doi.org/10.1021/ci050141q

http://dx.doi.org/10.1021/jf970748+

http://dx.doi.org/10.1021/jf970748+

http://dx.doi.org/10.1021/jf970748+

http://dx.doi.org/10.1021/jf970748+

www.chemeurj.org






DOI: 10.1002/chem.200800973


Long-Alkyl-Chain Quaternary Ammonium Lactate Based Ionic Liquids
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Introduction


Ionic liquids (ILs) have received much attention in recent
years owing to their unique chemical and physical proper-
ties, such as low vapor pressure, high chemical and thermal
stability, low melting points with a large liquid range, and
their ability to dissolve a wide range of organic and inorgan-
ic compounds.[1–9] Typically, ILs consist of large, highly asym-
metric organic cations and bulky anions. The solubilization
ability, hydrophobicity, and hygroscopicity can be fine-tuned
by simply modifying the cation and anion that form the re-
sulting ILs. The IL field is dominated by imidazolium, qua-
ternary ammonium, pyridinium, and phosphonium salts.


Owing to the strong interest in the application of ionic liq-
uids, new, cheaper, multifunctional, and environmentally
friendly ILs are preferred. Quaternary ammonium-based
ionic liquids seem to be an answer to this demand. Quater-
nary ammonium salts (quats) are well known and widely
used as cationic surfactants, antiseptics, sanitizers, softeners,
phase-transfer catalysts, and conditioning agents in hair cos-
metics. Recently, new applications for quats have been
found in ILs.[10–13] We propose a novel organic class of quat-
based ILs derived from common quaternary ammonium cat-
ions with GRAS (generally recognized as safe) materials
(taken from the pharmaceutical and food additive indus-
tries), that is, lactate anions.


Lactic acid (2-hydroxypropanoic acid), also known as
milk acid, plays a role in several biochemical processes. It is
chiral and occurs as two optical isomers d (�) and l (+).
The l (+) form plays an important part in carbohydrate me-
tabolism. Lactic acid as an a-hydroxy acid (AHA) can lose
a proton from the acidic group in solution to produce the
lactate anion. Commercially used lactic acid is derived by
using bacteria, such as Bacillus acidilacti, Lactobacillus del-
bueckii, or Lactobacillus bulgaricus to ferment carbohy-
drates, such as glucose, sucrose, and lactose. The lactic acid
used in commerce is usually an optically inactive racemic
mixture of the two isomers. It is produced commercially for
use in pharmaceuticals and foods, in leather tanning and tex-
tile dyeing, and in making plastics, solvents, inks, and lac-
quers. Lactic acid is cheap, commercially available, nontoxic,
and pharmaceutically acceptable (LD50: rat oral
3543 mgkg�1; mouse oral 4875 mgkg�1[14]).
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have been prepared and characterized.
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In this paper we present novel long-alkyl-chain quaterna-
ry ammonium lactate based ionic liquids along with their
properties and potential applications.


Results and Discussion


Synthesis and characterization : Lactates with didecyldime-
thylammonium (DDA) and benzalkonium (BA) cations
(Scheme 1) were synthesized by anion-exchange reaction (at


room temperature in water) of the commercially inexpen-
sive and widely used quaternary chloride salts, [DDA][Cl]
and [BA][Cl], with lactic acid and potassium hydroxide with
an efficiency of over 90%. Potassium chloride as a byprod-
uct was removed from an anhydrous acetone solution with
success. [DDA][d,l-lactate], [DDA][l-lactate], [BA][d,l-lac-
tate], and [BA][l-lactate] are soluble in water and are re-
ported here for the first time.


The products were dried in vacuum at 80 8C for 24 h and
stored over P4O10. The water content, determined by Karl-
Fischer measurements, was found to be less than 500 ppm.
The prepared salts were characterized by 1H and 13C NMR
spectroscopy and elemental analysis. The physicochemical
properties of the prepared lactates are presented in Table 1.


Differences in data occur between the DDA and BA cat-
ions. On the other hand, parameters obtained for the d,l-
and l-lactate anions are comparable. The products are liq-
uids at room temperature, have high viscosities, and glass-
forming temperatures below zero. The existence of an or-
ganic anion in ILs does not reduce the thermal stability. The
densities of the prepared hydrophilic ILs are almost equal
to the density of water and their conductivities are not very
high. The synthesized ILs are air- and moisture-stable salts.
However, they can decompose to the cation and anion on
contact with strong non-organic acids, such as HCl and
HNO3, at raised temperatures.


Surface activity : The surface activity parameters of the
DDA and BA lactates in aqueous solution are presented in
Table 2. Representative plots of surface tension as a func-


tion of logC (C is the concentration of surfactant, molL�1)
are shown in Figure 1. The surface excess concentrations
(Gmax) of the DDA and BA lactates in aqueous solution
were calculated from the slope of the linear portion of the g


versus logC plots by using the Gibbs isotherm [Eq. (1), in
which Gmax is the surface excess concentration at the saturat-


Scheme 1. Structures of the prepared lactates: a) [DDA][l-lactate],
b) [DDA][d,l-lactate], c) [BA][l-lactate], and d) [BA][d,l-lactate] (R=


C10H21, R
1=C12H25 (60%), R1=C14H29 (40%)).


Table 1. Physicochemical properties of the prepared lactates.[a]


Tg


[8C]
Tonset


[8C]
Tendset


[8C]
1[b]


[gmL�1]
h[c]


[cP]
K[b]


[mScm�1]


ACHTUNGTRENNUNG[DDA][l-
lactate]


�56 208 256 0.944 2900 12.7


ACHTUNGTRENNUNG[DDA][d,l-
lactate]


�56 200 278 0.944 1600 12.7


[BA][l-
lactate]


�36 181 218 0.999 9400 6.8


[BA][d,l-
lactate]


�36 181 223 0.999 11200 6.8


[a] The glass transition temperature (Tg) was determined by DSC on
heating. The decomposition temperature (Tonset) was determined from the
onset of decomposition; Tendset is the temperature of decomposition. 1 is
the density, h the viscosity, and K is the conductivity. [b] Measured at
20 8C. [c] Measured at 25 8C.


Table 2. The cmc, surface tension (gcmc), surface excess concentration
(Gmax), and area per molecule (Amin) of the prepared lactates in aqueous
solution at 25 8C.


cmc
[10�3 molL�1]


gcmc


[mNm�1]
Gmax


[10�6 molm�2]
Amin


[10�19 m2]


ACHTUNGTRENNUNG[DDA][l-
lactate]


1.00 28.3 3.59 4.63


ACHTUNGTRENNUNG[DDA][d,l-
lactate]


0.79 27.0 3.13 5.31


[BA][l-
lactate]


5.01 38.5 3.64 4.57


[BA][d,l-
lactate]


3.98 37.4 2.48 6.70


Figure 1. Surface tension as a function of concentration for the quaterna-
ry ammonium lactates in aqueous solutions at 25 8C: [DDA][l-lactate]
(^), [DDA][d,l-lactate] (*), [BA][l-lactate] (~), and [BA][d,l-lactate]
(&). The straight lines are drawn to determine the cmc values.
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ed interface, R is the gas con-
stant, and T the absolute tem-
perature]. From G, the mini-
mum surface occupied by a
molecule at the interface Amin


can be calculated by using
Equation (2) in which NA is
AvogadroMs number.


Gmax ¼ �
1
RT


dg


dðln cÞ ð1Þ


Amin ¼
1


GmaxNA


The critical micelle concen-
trations (cmc), the correspond-
ing surface tensions (gcmc), the
surface excess concentrations
(Gmax), and the occupied sur-
face areas per molecule (Amin)
are summarized in Table 2.


The cmc values obtained
from the plots of [DDA][l-lac-
tate] and [DDA][d,l-lactate]
are not identical but are quite
close. A similar situation is ob-
served for solutions of [BA][l-
lactate] and [BA][d,l-lactate].
In the case of solutions of [DDA][l-lactate] and [DDA][d,l-
lactate], the surface tension decreases from the value for
water to a minimum of 28.3 and 27.0 mNm�1, respectively.
After this point the surface tension reaches a plateau. For
solutions of [BA][l-lactate] and [BA][d,l-lactate], higher
values are obtained: 38.5 and 37.4 mNm�1, respectively. This
means that the DDA lactate exhibits larger intermolecular
hydrophobic interactions, making it easier to form aggre-
gates in water than [BA] ACHTUNGTRENNUNG[lactate]. Concerning the gcmc


values, they are dependent on the isomeric form of the lac-
tate. For [DDA] ACHTUNGTRENNUNG[lactate] and [BA] ACHTUNGTRENNUNG[lactate], the gcmc values
are lower for the racemic isomers, [DDA][d,l-lactate] and
[BA][d,l-lactate]. The areas per molecule A for both race-
mic forms is higher than the values of the corresponding [l-
lactate] form, which indicates that molecules of [DDA][l-
lactate] and [BA][l-lactate] are more tightly packed at the
water/air interface. [DDA] ACHTUNGTRENNUNG[lactate] has lower cmc and gcmc


values than [BA] ACHTUNGTRENNUNG[lactate], which indicates it has better sur-
face properties. However, both cmc and gcmc values of aque-
ous solutions of the DDA and BA lactates are of the same
order as the cmcs of cationic surfactants. For instance, the
cmc of hexadecyltrime ACHTUNGTRENNUNGthyl ACHTUNGTRENNUNGammonium bromide (CTAB) is
0.9 mmolL�1.[15] These results indicate that the DDA and
BA lactates self-assemble easily in aqueous solutions. The
cmcs obtained are similar or lower than values reported for
ionic liquids in aqueous solutions in other papers.[16–19]


Biological activity : The antimicrobial activity was estimated
for the DDA and BA lactates. The minimum inhibitory con-
centration (MIC) and minimum bactericidal or fungicidal
concentration (MBC) were established. The studies were
conducted on eleven strains of bacteria and two strains of
fungi. The MIC and MBC values of the prepared salts and
the commercially available [BA][Cl] are compared in
Table 3. The results demonstrate that the DDA and BA lac-
tates are very effective agents against bacteria and fungi.
Their activities are comparable or more effective than the
original chloride [BA][Cl]. The data show that the most
useful is DDA lactate, regardless of the anionMs form: d,l-
lactate or l-lactate. The very low values obtained for MIC
and MBC show the high potential of our products in disin-
fection.


Wood preservation : Exceptional results obtained from mi-
crobiological research stimulated us to test the prepared lac-
tates for wood preservation. Fungal growth by the agar-
plate method was first determined for the fungal strains S.
pityophila, T. versicolor, and C. puteana. The toxicity data
(ED50, ED100, and LD) of the synthesized lactates and
sodium lactate are presented in Table 4. The results show
that the lactates are poor antifungal agents for wood preser-
vation. In this case the lactate anion increased the activity
of the cation. Nowadays, chlorides and bromides of DDA
and BA are used for wood preservation with success. The
latest research showed that nitrates are also effective.[12]


Table 3. MIC and MBC values[a] for DDA and BA lactates and for [BA][Cl].[b]


Strain ACHTUNGTRENNUNG[DDA][l-lactate] ACHTUNGTRENNUNG[DDA][d,l-lactate] [BA][l-lactate] [BA][d,l-lactate] [BA][Cl][b]


cocci
M. luteus MIC 0.5 2 1 2 0.5


MBC 2 2 8 16 4
S. aureus MIC 0.2 0.5 1 2 1


MBC 2 0.5 4 2 8
S. epidermidis MIC <0.1 0.2 1 1 0.5


MBC 0.2 0.2 4 8 2
S. mutans MIC <0.1 <0.1 0.1 0.1 –


MBC 1 <0.1 1 2 –
E. faecium MIC 0.5 <0.1 0.5 2 2


MBC 2 1 4 2 8
M. catarrhalis MIC 1 1 0.5 2 0.2


MBC 2 1 4 2 0.5
rods
E. coli MIC 0.2 <0.1 0.5 8 1


MBC 0.5 <0.1 8 125 1
S. marcescens MIC 16 16 62 125 62


MBC 16 31 62 125 62
P. vulgaris MIC 8 8 31 250 31


MBC 16 8 31 250 31
P. aeruginosa MIC 16 16 62 125 62


MBC 31 16 62 125 62
B. subtilis MIC <0.1 <0.1 1 1 1


MBC <0.1 <0.1 1 1 1
fungi
C. albicans MIC 1 2 2 4 4


MBC 2 2 8 62 31
R. rubra MIC 1 1 2 2 8


MBC 2 2 4 62 31


[a] In mgL�1, the number of microorganisms in 1 mL ranged from 104 to 105. [b] Benzalkonium chloride.
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Insect-feeding deterrent activities : The deterrent activities
of the DDA and BA lactates towards Tribolium confusum
(larvae and adults), Sitophilus granarius (adults), and Trogo-
derma granarium (larvae) are presented on the basis of the
amount of food consumed. In all variants, three deterrent
coefficients were calculated as follows:


1) the absolute coefficient of deterrency, calculated from
the no-choice test: A= (CC�TT)/ ACHTUNGTRENNUNG(CC+TT)O100


2) the relative coefficient of deterrency, calculated from the
choice test: R= (C�T)/ ACHTUNGTRENNUNG(C+T)


3) the total coefficient of deterrency: T=A+R


in which C and CC are the amounts of food consumed
from the control discs, and T and TT are the amounts of
food consumed that has been treated with the tested ILs.


The deterrent activities were estimated by the criteria
listed in Table 5 and described previously.[20] In addition,
Table 6 lists the relative, absolute, and total coefficients for


the natural deterrent azadirachtin, treated as a standard.
Azadirachtin (tetranortriterpenoid) was isolated from the
seeds of the neem tree Azadirachta indica A. Juss., Melia-
ceae, and the chinaberry tree Melia azadirachta L. The anti-
feedant activity of this natural product has been described
previously by Gill and Lewis.[21]


The deterrent activities of the DDA and BA lactates are
dependent on the beetles or larvae tested. At the same time,
the form of the cation is of importance. DDA lactates were
active on a very good level in all cases, regardless of the
form of the anions: d,l-lactate or l-lactate.


Toxicity : Acute oral toxicity studies of [DDA][l-lactate] and
[BA][l-lactate] were performed on rats, in compliance with
the OECD Guideline for Testing of Chemicals No 420
(Fixed Dose Method).[22] The results reported below show
that [DDA][l-lactate] and [BA][l-lactate] can be included
in Category 4, in line with the guidelines of the Globally


Harmonized System of Clas-
sification and Labeling of
Chemicals (GHS). GHS cate-
gories were integrated into the
GHS Acute Toxicity Scheme
from which appropriate ele-
ments relevant to transport,
consumer, worker, and envi-


ronment protection can be selected. Substances are assigned
to one of the five toxicity categories on the basis of LD50


(oral, dermal) or LC50 (inhalation). Category 1, the most
severe toxicity category, has cut-off values currently used
primarily by the transport sector for classification for pack-
ing groups. Category 5 is for chemicals that are of relatively
low acute toxicity but which, under certain circumstances,
may cause a hazard to susceptible populations.[23]


Clinical signs : In preliminary experiments performed on
rats, administration of [DDA][l-lactate] at a dose of
2000 mgkg�1 body weight (b.w.) was followed by no signs of
toxicity and the female died in the course of the fourth
hour. On the other hand, administration of the studied ma-
terial at a dose of 300 mgkg�1 b.w. was followed in one
female by signs of toxicity including a rounded back and di-
arrhea between the fifth and twelfth day of observation,
ophthalmic exudate (deposition of porphyrins) and outflow
from nostrils (deposition of porphyrins) between the fifth
and seventh day of observation, and the animal was difficult


Table 4. The antifungal effective doses (ED50 and ED100 in ppm) and the lethal dose (LD in ppm) for S. pityo-
phila, T. versicolor, and C. puteana.


Lactate Coniophora puteana Trametes versicolor Sclerophoma pityophila
ED50 ED100 LD ED50 ED100 LD ED50 ED100 LD


ACHTUNGTRENNUNG[DDA][l-lactate] 50 >5000 >5000 100 >5000 >5000 25 500 2500
ACHTUNGTRENNUNG[DDA][d,l-lactate] 50 5000 >5000 100 >5000 >5000 10 500 2500
[BA][l-lactate] 250 5000 >5000 100 2500 2500 25 250 2500
[BA][d,l-lactate] 250 >5000 >5000 250 2500 2500 25 250 2500
sodium lactate >5000 >5000 >5000 >5000 >5000 >5000 >5000 >5000 >5000


Table 5. Criteria for the estimation of deterrent activity based on the
total coefficient.[20]


Total coefficient Deterrent activity


200–151 very good
150–101 good
100–51 medium
50–0 weak


Table 6. Feeding deterrent activities of didecyldimethylammonium and
benzalkonium lactates against Tribolium confusum (beetles, larvae), Sito-
philus granarius (beetles), and Trogoderma granarium (larvae).


Lactate Relative
coefficient


Absolute
coefficient


Total
coefficient


Deterrent
activity


Tribolium confusum (beetles)
ACHTUNGTRENNUNG[DDA][l-lactate] 95.9 63.3 159.3 very good
ACHTUNGTRENNUNG[DDA][d,l-lactate] 96.1 76.5 172.6 very good
[BA][l-lactate] 96.6 1.8 98.4 medium
[BA][d,l-lactate] 96.1 6.4 102.5 good
azadirachtin[a] 100.0 85.0 185.0 very good
Tribolium confusum (larvae)
ACHTUNGTRENNUNG[DDA][l-lactate] 79.6 81.5 161.1 very good
ACHTUNGTRENNUNG[DDA][d,l-lactate] 94.2 76.8 171.0 very good
[BA][l-lactate] 77.0 54.5 131.5 good
[BA][d,l-lactate] 94.6 40.1 134.7 good
azadirachtin[a] 100.0 88.4 188.4 very good
Sitophilus granarius (beetles)
ACHTUNGTRENNUNG[DDA][l-lactate] 97.8 69.8 167.5 very good
ACHTUNGTRENNUNG[DDA][d,l-lactate] 98.2 72.9 171.0 very good
[BA][l-lactate] 97.6 15.1 112.7 good
[BA][d,l-lactate] 97.6 8.2 105.8 good
azadirachtin[a] 100.0 74.3 174.3 very good
Trogoderma granarium (larvae)
ACHTUNGTRENNUNG[DDA][l-lactate] 94.9 92.4 187.3 very good
ACHTUNGTRENNUNG[DDA][d,l-lactate] 94.8 91.1 185.9 very good
[BA][l-lactate] 95.0 85.0 180.0 very good
[BA][d,l-lactate] 91.4 87.4 178.8 very good
azadirachtin[a] 100.0 94.2 194.2 very good


[a] Natural deterrent.
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to catch and had erect fur between the seventh and four-
teenth day of observation. The female survived 14 d of ob-
servation.


Administration of [DDA][l-lactate] at a dose of
300 mgkg�1 b.w. to a further four females in the experiment
proper was followed by the following signs of toxicity in
female no. 5 on the fourth day: inertia; clear motile inactivi-
ty (the animal easily tolerated being removed from the
cage); and dermal lividity on ears, extremities, and tail.
Female no. 5 died on the fourth day. No signs of toxicity
were noted in the remaining females. They survived the 14 d
of observation. Individual results related to weight gain in
the animals are listed in Table 7.


After administering in a preliminary experiment [BA][l-
lactate] at a dose of 2000 mgkg�1 b.w. to a single female no
signs of toxicity were recorded on the day of administration,
but the female died after 24 h. In the same experiment a
female administered with the material at a dose of
300 mgkg�1 b.w. manifested no clinical signs of toxicity on
the day of administration or during the entire observation
period. The female survived the 14 d of the experiment.


In the experiment proper administration of [BA][l-lac-
tate] at a dose of 300 mgkg�1 b.w. to another four females
was followed by signs of toxicity in all the females but only
on the first day. They all survived the 14 d of the experi-
ment. Individual results related to weight gain in the animals
are listed in Table 8.


Pathology : Macroscopic studies on animals given [BA][l-
lactate] documented no pathological alterations. Alterations,
however, were noted following administration of [DDA][l-
lactate]. In one female (no. 5), which died, a fibrin deposit


was noted on the liver and spleen capsules and on the gas-
tric peritoneum as well as peritoneal adhesions. Among the
four females sacrificed following a 14 d period peritoneal
adhesions (accretion of the stomach and liver), peritonitis,
and intestinal hyperaemia were noted in one female only.


Conclusion


A novel group of quaternary ammonium lactate based ionic
liquids have been synthesized and their biological activities
investigated. Didecyldimethylammonium (DDA) and ben-
zalkonium (BA) d,l- and l-lactates were found to be very
effective antibacterial and antifungal agents. Their activities
were comparable or more effective than the original chlo-
ride [BA][Cl], especially DDA lactates, against Streptococ-
cus mutants and Candida albicans. Moreover, these salts
were shown to be good insect-feeding deterrents. In addi-
tion, our results indicate that DDA and BA lactates self-as-
semble easily in aqueous solution. Their cmcs are similar or
lower than the values of aqueous solutions of classic cationic
surfactants and other ionic liquids. However, our results
have shown that these lactates are poor antifungal agents
for wood preservation. The acute oral toxicity studies per-
formed with [DDA][l-lactate] and [BA][l-lactate] showed
that these salts can be included in Category 4 of the Global-
ly Harmonized System of Classification and Labeling of
Chemicals (GHS).


Experimental Section


General : 1H NMR spectra were recorded on a Mercury Gemini 300 spec-
trometer operating at 300 MHz with tetramethylsilane as the internal
standard. 13C NMR spectra were obtained with the same instrument at
75 MHz. CHN elemental analyses were performed at the A. Mickiewicz
University, Poznan (Poland). The water content was determined by using
an Aquastar volumetric Karl-Fischer titration with Composite 5 solution
as the titrant and anhydrous methanol as the solvent. Glass transitions
were measured by using a Perkin–Elmer differential scanning calorime-
ter. Samples were sealed in aluminum pans and scanned at a rate of
10 Kmin�1 in an argon atmosphere. Onset and endset temperatures of
decomposition were established by using a Mettler Toledo TGA/SDTA
851e apparatus. The TGA data were collected at 10 Kmin�1 under argon.
Conductivity measurements were based on impedance spectroscopy in
which the complex resistivities were generated by using the a.c. current
amplitude. The viscosity of each salt was measured by using a Brookfield
Digital Viscosimeter, Model DV-II. Optical rotations were measured
with a Perkin–Elmer 241 polarimeter.


General synthetic procedure : Lactic acid (0.1 mol of an 85% aq. solu-
tion) and potassium hydroxide (0.1 mol) in water (50 mL) were added to
a 1.5 L reaction flask equipped with a reflux condenser, stirring bar, and
thermometer. The mixture was heated at reflux until HPLC analysis
showed no signal of the oligomeric lactic acid. Then a 50% solution of
[DDA][Cl] or [BA][Cl] (0.1 mol) in water was added and the mixture
was stirred at room temperature for 5 h. The water was removed under
reduced pressure (70 8C, 30O102 Pa). Anhydrous acetone was added and
the mixture was allowed to stand overnight at room temperature. The
crystalline potassium chloride was removed by filtration and the acetone
by distillation.


Didecyldimethylammonium d,l-lactate ([DDA][d,l-lactate]): Yield:
90%, colorless product; 1H NMR ([D6]DMSO): d=3.63 (q, 1H), 3.29


Table 7. Tests for the acute oral toxicity of [DDA][l-lactate] in rats.


Dose Rat no. Animal body weight [g] Difference[b]


[mgkg�1 b.w.] original after 7 d after 14 d


2000 1[a] 179 – – –
300 1[a] 172 153 147 �25


2 180 190 207 27
3 186 210 213 27
4 191 209 221 30
5 186 – – –


[a] Females in the preliminary experiment. [b] Difference in body weight
between day 0 and day 14.


Table 8. Tests for the acute oral toxicity of [BA][l-lactate] in rats.


Dose Rat no. Animal body weight [g] Difference[b]


[mgkg�1 b.w.] original after 7 d after 14 d


2000 1[a] 179 – – –
300 1[a] 183 199 220 37


2 175 194 203 28
3 187 188 219 32
4 180 199 210 30
5 179 193 208 29


[a] Females in the preliminary experiment. [b] Difference in body weight
between day 0 and day 14.
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(m, 4H), 3.04 (s, 6H), 1.63 (m, 4H), 1.26 (m, 28H), 1.11 (d, 3H),
0.88 ppm (t, 6H); 13C NMR ([D6]DMSO): d =176.8, 62.7, 62.6, 49.9, 31.3,
28.9, 28.8, 28.7, 28.5, 25.8, 22.1, 21.7, 21.3, 13.9 ppm; elemental analysis
calcd (%) for C25H53NO3 (415.7): C 72.23, H 12.85, N 3.37; found: C
72.30, H 13.01, N 3.43.


Didecyldimethylammonium l-lactate ([DDA][l-lactate]): Yield: 94%,
colorless product; [a]20D =�2.18(c=1.0 in methanol); 1H NMR
([D6]DMSO): d=3.63 (q, 1H), 3.32 (m, 4H), 3.05 (s, 6H), 1.64 (m, 4H),
1.26 (m, 28H), 1.11 (d, 3H), 0.88 ppm (t, 6H); 13C NMR ([D6]DMSO):
d=176.9, 62.8, 62.6, 49.9, 31.3, 29.0, 28.9, 28.8, 28.5, 25.8, 22.1, 21.7, 21.3,
13.9 ppm; elemental analysis calcd (%) for C25H53NO3 (415.7): C 72.23,
H 12.85, N 3.37; found: C 72.11, H 13.01, N 3.50.


Benzalkonium l-lactate ([BA][l-lactate]): Yield: 92%, colorless product;
[a]20D =�2.88 (c=1.0 in methanol); 1H NMR ([D6]DMSO): d=7.61 (m,
2H), 7.52 (m, 3H), 4.63 (s, 2H), 3.63 (q, 1H), 3.32 (m, 2H), 3.00 (s, 6H),
1.81 (m, 2H), 1.26 (m, 21H), 1.13 (d, 3H), 0.87 ppm (t, 6H); 13C NMR
([D6]DMSO): d=177.1, 133.0, 130.1, 128.8, 128.4, 66.9, 66.0, 63.3, 49.0,
31.3, 29.11, 29.10, 29.06, 28.98, 28.86, 28.76, 28.57, 25.9, 22.1, 21.8, 21.4,
13.9 ppm.


Benzalkonium d,l-lactate ([BA][d,l-lactate]): Yield: 95%, colorless
product; 1H NMR ([D6]DMSO): d =7.53 (m, 5H), 4.60 (s, 2H), 3.66 (q,
1H), 3.32 (m, 2H), 2.98 (s, 6H), 1.78 (m, 2H), 1.25 (m, 21H), 1.13 (d,
3H), 0.89 ppm (t, 6H); 13C NMR ([D6]DMSO): d =177.1, 133.0, 130.3,
128.4, 128.5, 66.9, 66.0, 63.3, 49.0, 31.3, 29.1, 29.08, 29.01, 28.9, 28.8, 28.6,
25.9, 22.1, 21.8, 21.4, 13.9 ppm.


Surface activity : Surface tension measurements were taken by using a
Tracker drop tensiometer (I.T. Concept, Longessaigne, France, accuracy
�0.01 mNm�1) at 25 8C. The surface tension was determined by using the
shape drop method.[24] The principle of this method is to form an axisym-
metric air bubble at the tip of a syringe needle. A computer drives the
plunger position of the syringe using a motor drive into a thermostatted
optical glass cuvette containing 7 mL of a solution in water. The image of
the bubble (6 mL) is taken with a CCD camera and digitized. The surface
tension (g in mNm�1) is calculated by analyzing the profile of the bubble
according to the Laplace equation. The temperature was controlled by
using a Fisherbrand FBH604 thermostatic bath (Fisher, Germany, accura-
cy �0.1 8C). The values of the critical micelle concentration (cmc) and
the surface tension at the cmc (gcmc) were determined from the intersec-
tion of the two straight lines drawn in the low- and high-concentration re-
gions of the surface tension curves (g versus logC curves) by using a
linear regression analysis method.


Bioactivity tests : The following microorganisms were used: Micrococcus
luteus NCTC 7743, Staphylococcus aureus NCTC 4163, Staphylococcus
epidermidis ATCC 49134, Streptococcus mutans PCM 2502, Enterococcus
faecium ATCC 49474, Moraxella catarrhalis ATCC 25238, Escherichia
coli ATCC 25922, Serratia marcescens ATCC 8100, Proteus vulgaris
NCTC 4635, Pseudomonas aeruginosa NCTC 6749, Bacillus subtilis
ATCC 6633, Candida albicans ATCC 10231, and Rhodothorula rubra
(Demml 1889, Lodder 1934). Standard strains were supplied by the Na-
tional Collection of Type Cultures (NCTC), London, the American Type
Culture Collection (ATCC), and the Polish Collection of Microorganisms
(PCM). Rhodothorula rubra was obtained from the Department of Phar-
maceutical Bacteriology, University of Medical Sciences, Poznan
(Poland).


The antimicrobial activity was determined by the tube dilution method.
A series of DDA and BA lactate dilutions were prepared in Mueller–
Hinton broth (bacteria) or Sabouraud broth (fungi) media. Bacteria
strains were cultured in Mueller–Hinton broth for 24 h and in Brain
Heart Infusion broth for 48 h (Streptococcus mutans) and fungi in Sabo-
uraud agar for 48 h. A suspension of the microorganisms at a concentra-
tion of 106 cfumL was prepared from each culture and each dilution of
the tested lactate was inoculated with one of the above-mentioned sus-
pensions in a 1:1 ratio. Growth of the microorganisms (or the lack of
growth) was determined visually after incubation for 24 h at 37 8C (bacte-
ria) or for 48 h at 28–30 8C (fungi). The lowest concentration at which
there was no visible growth (turbidity) was taken as the MIC. Then, from
each tube, one loopful was cultured on an agar medium with inactivates
(0.3% lecithin, 3% polysorbate 80, and 0.1% cysteine L) and incubated


for 48 h at 37 8C (bacteria) or for 5 d at 28–30 8C (fungi). The lowest con-
centration of lactate that does not support colony formation was defined
as the MBC.


Wood preservation : The experiments were conducted with Coniophora
puteana (Schum: Fr) Karst. strain BAM 15 (brown rot), Trametes versi-
color (L.: Fr.) PilQt strain CTB 863 (white rot), and Sclerophoma pityo-
phila (Corda) v. Hçhn strain S231 (blue stain) obtained from the collec-
tion of the Wood Technology Institute, Poznan (Poland). The fungal
growth rates were measured in 90 mm diameter dishes by using the agar-
plate method.[25] A stock solution of each concentration was produced in
sterile malt agar (1.5% agar and 4% malt extract), 20 mL of which was
added to Petri dishes. For each strain, three replicate plates of each con-
centration of preservative were centrally inoculated with a 5 mm diame-
ter disc taken from the submargin of 10-day-old malt agar plates. The
tested concentrations of each compound in sterile malt agar were 10, 25,
50, 100, 250, 500, 750, 1000, 2500, and 5000 ppm. The plates were incubat-
ed at (22�1) 8C in the dark. The duration of the test was determined by
waiting for complete plate coverage, which took 10 d for C. puteana, 6 d
for T. versicolor, and 12 d for S. pityophila. If growth had not begun on
the preservative-containing agar after 10 or 12 d, the inoculum was re-
moved and transferred to a fresh malt agar plate to determine the fungal
viability. The effective doses, ED50 and ED100 (preservative concentra-
tions retarding the fungal growth rate by 50 or 100%, respectively, in
comparison to plates in which the toxicant had not been added), were
calculated based on these results. The same method was employed to
measure the lethal doses, LD (concentration causing death of the inocu-
lum). Despite retarding the fungal growth rate by 100% (ED100), the
fungus may still remain alive. LDs were determined by reinoculation of a
new nutrition substrate with the inoculum at the ED100 dose to establish
the concentration that causes death of the inoculum.


Bioassays : The bioassay experiments were conducted with Tribolium con-
fusum Duv. (larvae and adults), Sitophilus granaries L. ACHTUNGTRENNUNG(adults), and Tro-
goderma granarium Ev. (larvae). They came from laboratory colonies
reared in a chamber maintained at (26�1) 8C and (60�5)% relative hu-
midity on a wheat grain or whole-wheat meal diet.


Choice and no-choice tests for insect-feeding were conducted following a
previously described procedure.[20] Wheat wafer discs (1 cm in diameterO
1 mm thick) were saturated by dipping either in ethanol only (control) or
in a solution of the IL (1%) in ethanol to be tested. After evaporation of
the solvent (30 min of air-drying) the wafers were weighed and offered to
the insects in plastic boxes as the sole food source for 5 d. The feeding of
insects was recorded under three sets of conditions: 1) On two control
discs (CC), 2) on a choice between one treated disc (T) and one control
disc (C ; choice test), and 3) on two treated discs (TT; no-choice test).
Each of the three experiments was repeated five times with 3 adults of
Sitophilus granarius, 20 adults and 10 larvae of Tribolium confusum, and
10 larvae of Trogoderma granarium. The number of individual insects de-
pended on the intensity of their food consumption. The adults used for
the experiments were unsexed, 7–10 d old, and the larvae were 5–30 d
old. After 5 d, the discs were reweighed and the average weight of eaten
food was calculated.


Acute oral toxicity study : The Wistar rats (symbol lmp: WIST, stado out-
bred) used in these studies originated from a culture from the Medical
Institute of Work in Lodz (Poland) and were kept in cages of the conven-
tional type. Before the study, the animals were quarantined for a mini-
mum 5 d and observed daily during this period. The animals were
marked individually. During quarantine and the experiments, the animals
were kept in a room conditioned with the following parameters: a tem-
perature of 21–22 8C, a relative air humidity of 40–75%, and artificial il-
lumination consisting of 12 h light/12 h darkness. Rats were kept in cages
with a plastic bottom and a wired superstructure with dimensions of 58O
37O21 cm (lengthOwidthOheight). The animals were kept in cages indi-
vidually (in the observation study, with a dose of 2000 or 300 mgkg�1


b.w.) or with four rats per cage (in the main study, with a dose of
300 mgkg�1 b.w.). UV-sterilized wood shavings were used as litter. Each
cage was equipped with a label containing information on the name of
the test material, the study code, used dose, the start and planned end
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dates of the experiment, sex, and animal numbers. The rats were given
standard granulated GLM fodder and tap water ad libitum.


The day before the start of the experiment, about 18–19 h before admin-
istration of the test material, the animals were left with no food, but
water was still available. The food was given again 3 h following adminis-
tration of the material.


In the preliminary experiment, one female was given the tested material
in the form of an aqueous solution at a dose of 2000 mgkg�1 b.w. and
then to another female at a dose of 300 mgkg�1 b.w. The material was ad-
ministered as a single dose by using a metal intragastric catheter. A total
of 0.5 mL of solution was given per 100 g of rat body mass.


In the main experiment following the preliminary study, the materials
were administered to five female rats (including the one from the pre-
liminary experiment) at a dose of 300 mgkg�1 b.w. The preparation for
administration, the administration procedure, and the administered
volume corresponded to those used in the preliminary experiment.
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Metal-Free and PdII-Promoted [2+3] Cycloadditions of a Cyclic Nitrone to
Phthalonitriles: Syntheses of Oxadiazolines as well as Phthalamide–PdII and
Dihydropyrrolyl-iminoisoindolinone–PdII Complexes with High Catalytic
Activity in Suzuki–Miyaura Cross-Coupling Reactions
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Introduction


Heterocycles have long been a research area of great inter-
est, owing in part to their catalytic[1] and biomedical[2] appli-
cations. They are of widespread occurrence in nature, for ex-
ample, in alkaloids. In this area, although derivatives of the
lactam or oxadiazoline rings have applications as antitumor
agents or as antibiotics,[3] those containing indole or isoin-
dole ring systems are important intermediates in the synthe-
sis of phthalocyanins.[4,5] Aromatic heterocyclic compounds
also find applications based on their photochemical proper-
ties or as luminescent molecular sensors, and in supramolec-
ular (polynuclear) complexes with interesting optical or
magnetic properties.[6] On the other hand, because pallad-


Abstract: The previously unknown re-
actions between phthalonitriles, 1,2-
(CN)2(C6)R


1R2R3R4 1 (1a, R1=R2=


R3=R4=H; 1b, R1=R2=R4=H, R3=


CH3; 1c, R1=R4=H, R2=R3=Cl; 1d,
R1=R2=R3=R4=Cl; 1e, R1=R2=


R3=R4=F), and a cyclic nitrone, �O+


N=CHCH2CH2CMe2 2, proceed under
heating in a sealed tube to give phthal-
ACHTUNGTRENNUNGimides 3, 2-oxadiazolyl-benzonitriles 4
or ortho-bis(oxadiazolyl)tetrafluoro-
benzene 4e’. In the presence of palla-
dium(II) chloride, phthalonitriles 1
react with 2 at room temperature, to
give bis(pyrrolidin-2-ylidene)phthal-
ACHTUNGTRENNUNGamide PdII complexes 5 via metal-pro-
moted rupture of the N�O bond of the
oxadiazoline ring. The ketoimine li-
gands thus generated can be liberated
from the metal by displacement with a


diphosphine. Although the first [2+3]
cycloaddition of 2 to 1 can occur in the
absence of the metal to give the mono-
cycloadducts 4, the second [2+3] cou-
pling at the still-unreacted cyano group
requires its activation by coordination
to PdII, affording complexes 6 contain-
ing two ligated oxadiazolyl-benzo-
ACHTUNGTRENNUNGnitriles. These ligands undergo either i)
further cycloaddition with 2 to afford
ultimately (upon rearrangement) the
bis(pyrrolidinylidene)phthalamide
complexes 5 or ii) N�O bond cleavage
in the oxadiazoline ring with intramo-
lecular attack of the imine nitrogen on


the cyano carbon and bridging to a
second PdII center to afford dimeric
palladium(II) complexes 7, with chlo-
ride bridges, that bear a dihydropyrrol-
yl-iminoisoindolinone, a new type of
ligand.
The compounds were characterized


by IR, 1H, and 13C NMR spectroscopy,
ESI MS or FAB+ MS, elemental analy-
ses and, in the case of 4c, 5a, 5c, and
7c, also by X-ray diffraction analysis.
Complexes 5a and 7c show high cata-
lytic activity for the Suzuki–Miyaura
cross-coupling reaction of bromoben-
zene and phenylboronic acid and give
biphenyl in high yields with turnover
frequencies (TOFs) of up to 9.0:
105 h�1.


Keywords: heterocycles · iminoi-
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ACHTUNGTRENNUNGium(II) complexes have found many relevant applications in
synthetically useful catalytic reactions,[7] the combination of
palladium with heterocyclic ligands is expected to lead to
new active species.
The main general aims of the current work are:


1) To find new types of synthetic reactions for heterocyclic
compounds.


2) To synthesize novel heterocycles.
3) To study the influence of palladium(II) in such reactions.
4) To prepare novel types of palladium(II) complexes with


heterocyclic ligands.
5) To find a catalytic application of such PdII complexes in


a recognized important synthetic reaction.


With aims 1–4 in mind, we have selected 1,3-dipolar cy-
cloaddition reactions, which constitute a powerful tool to
create C�N and C�O bonds, for the synthesis of a great va-
riety of heterocycles.[8] However, one of the main problems
of cycloadditions is that various dipolarophiles, such as orga-
nonitriles, do not commonly undergo 1,3-dipolar cycloaddi-
tions due to their low reactivity.[9] Second, a heterocycle syn-
thesis often consists of sequential reactions that can involve
one or more thermodynamically unfavourable steps. To
overcome such difficulties, alternative metal-mediated cyclo-
additions have been the object of extensive current investi-
gations due to the possible key role of a metal for their pro-
motion.[9]


As a continuation of our project on 1,3-dipolar cycloaddi-
tion reactions of free and metal-activated organonitriles
with various dipoles, for example, nitrones,[10–12] we have
now extended the work, for the first time, to phthalonitriles
(substituted 1,2-dicyanobenzenes). Our objective (within the
above aims 1–4) is to study the previously unknown [2+3]
cycloaddition reactions of cyclic and acyclic nitrones with
these aromatic dinitriles in pure organic chemistry, to syn-
thesize novel N-heterocycles, and to investigate the effect of
a coordinating PdII center on such reactions.
One or both of the cyano groups of a phthalonitrile can


react, in the latter case in similar or different ways, allowing
the formation of a variety of products, namely phthalimides
and fused mono- and bis-oxadiazolines, attached to the
phenyl ring of the phthalonitrile precursor, depending on
electronic effects of the substituents at this ring.
Unpredictable results were obtained when the reactions


were undertaken in the presence of palladium(II) chloride
(aim 3) giving rise to unexpect-
ed substituted bis(pyrrolidin-2-
ylidene)phthalamide-PdII com-
plexes (aim 4) which, by subse-
quent ligand replacement, al-
lowed the liberation of the cor-
responding novel free phthal-
ACHTUNGTRENNUNGamides, for example, N1,N2-
bis(5,5-dimethylpyrrolidin-2-yli-
dene)-3,4,5,6-tetrafluorophtha-
lamide (aim 2), structurally re-


lated with an important class of heterocyclic compounds
with promising biological activity.[13] Finally, by this process,
we synthesized a novel type of dimeric palladium complex
(aim 4) with the 2-dihydropyrrolyl-iminoisoindolinone
ligand, which, to our knowledge, is the first example of such
a type of compound reported to date.
Concerning aim 5 (the search for a catalytic application),


we have focused our attention on the Suzuki–Miyaura reac-
tion,[14] one of the most powerful C–C cross-coupling reac-
tions, which is known to be catalyzed by some PdII com-
plexes, which contain N ligands. We have thus found that
representatives of our mono- and dinuclear complexes act
as very active catalysts for the cross-coupling reaction of
bromobenzene and phenylboronic acid to give biphenyl in
high yield with a turnover frequency (TOF) reaching 9.0:
105 h�1.


Results and Discussion


Organic reactions : Because, to our knowledge, the reactivity
of nitrones toward phthalonitriles has not yet been reported,
in spite of its potential synthetic value, we decided to study
the reactions of the cyclic nitrone �O+N=CHCH2CH2CMe2
2 with various phthalonitriles 1,2-(CN)2(C6)R


1R2R3R4 1, by
heating their CHCl3 solutions in a sealed tube at 80 8C. The
resulting products, isolated by column chromatography on
silica (CH2Cl2 as eluent), depend on the nature of the sub-
stituents in the starting phthalonitriles 1. Hence, the reac-
tions of 1a (R1=R2=R3=R4=H) and its methyl derivative
1b (R1=R2=R4=H, R3=CH3) with the cyclic nitrone 2,
under the above conditions, give the phthalimide 3a and the
5-methyl derivative 3b, respectively, in moderate yields (ca.
50%) (Scheme 1). No reaction was observed at room tem-
perature or under refluxing CHCl3 at ambient pressure.
The formation of 3 can be proposed (Scheme 2) to occur


by hydrolysis of the nitrone (a known reaction[15]) to give
the corresponding a-hydroxy hydroxylamine (i.e. 5,5-dime-
thylpyrrolidine-1,2-diol) I which would react with the phtha-
lonitrile in a comparable way to that reported[16] for the hy-
droxylamine Et2NOH, that is, by nucleophilic addition to a
CN group with CN–CN coupling to give an imino species II.
Further transformation with liberation of 5,5-dimethyl-3,4-
dihydropyrrol-2-ol III would form the 3-iminoisoindolin-1-
one IV, which, upon hydrolysis, would furnish[17] the phthali-
mide product 3.


Scheme 1. Synthesis of phthalimides from phthalonitriles and cyclic nitrone.
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In contrast, the reactions of the phthalonitriles 1c–e con-
taining an electron-withdrawing group (1c, R1=R4=H,
R2=R3=Cl; 1d, R1=R2=R3=R4=Cl; 1e, R1=R2=R3=


R4=F) with one or two equivalents of cyclic nitrone 2,
under the above experimental conditions (sealed tube,
80 8C, CHCl3) afford, in moderate to good yields (70–35%),
the 2-(oxadiazolyl)-benzonitrile
derivatives 4c–4e, derived from
a single-pot [2+3] cycloaddition
reaction of the nitrone 2 to the
phthalonitriles 1c–1e
(Scheme 3), a known[18] type of
nitrile and nitrone coupling. It
is worth mentioning that the at-
tempts to obtain similar prod-
ucts by using the acyclic nitrone
(4-MeC6H4)CH=(Me)N+O�, in-
stead of the more reactive
cyclic one, failed and led to the
formation of oily mixtures of
unidentified products.
When the reactions of the


phthalonitriles 1c and 1d were
undertaken with two equiva-


lents of the nitrone 2 and under
more drastic conditions (pro-
longed heating and/or higher
concentrations of the reagents
in the CHCl3 solution) than
those normally used, the forma-
tion of mixtures with com-
pounds (5–2% yields) derived
from [2+3] cycloadditions to
both nitriles was detected by 1H
and 13C NMR spectroscopy and
FAB MS.
The phthalimides 3 and the


2-(oxadiazolyl)-benzonitrile
products 4c–e were character-
ized by IR, 1H and 13C NMR
spectroscopy, FAB+ MS, ele-
mental analyses and, for 4c, by
single-crystal X-ray diffraction.
In the IR spectra of compounds
4, n ACHTUNGTRENNUNG(N�C) appears in the same
range of wavenumbers (2234–
2242 cm�1) as that observed for
the starting phthalonitriles 1c–
1e, whereas the detection of
new bands at 1628–1680 cm�1


assigned to n ACHTUNGTRENNUNG(N=C) confirms
the formation of the oxadiazo-
line; additionally, the detection
of n ACHTUNGTRENNUNG(NC=O) vibrations at 1735–
1742 cm�1 can be accounted for
by the appropriate tautomeric
resonance forms of the oxadia-


zoline ring. The 1H and 13C NMR spectra of 4 confirm that
the compounds contain both an oxadiazoline and a nitrile
moiety. In the former spectrum, the N�CH�N resonances
are detected at d=5.75–5.85 ppm, and, in the latter spec-
trum, the N�CH�N resonances appear at d=91.7–92.5 ppm,
whereas the N�C signals are observed in the d=109.3–


Scheme 2. Proposed mechanism of phthalimide synthesis.


Scheme 3. Synthesis of 2-(oxadiazolyl)benzonitrile derivatives 4c–4e.
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116.1 ppm range. The single-crystal X-ray diffraction analy-
sis of 4c (Figure 1) also confirms the formulation. The cyano
C2�N2 triple bond length, 1.147(5) P, and the imine double
bond C1=N1 length, 1.260(4) P, are in accord with the re-
ported[19] average values of 1.144 and 1.279 P, respectively.
It can also be seen that the N1=C1�O1 double bond is delo-
calized, which is in accord with
the above IR data (bands at ca.
1740 cm�1).
Curiously, the reaction of tet-


rafluorophthalonitrile 1e with
two equivalents of the nitrone 2
in a sealed tube (CHCl3, 80 8C)
for an extended period (16 h in-
stead of 3 h for the formation
of the monooxadiazoline 4e)
proceeds further to give the bis-
oxadiazoline 4e’, in moderated
yield (30%) (Scheme 4, reac-
tion 1). This product is also ob-
tained (Scheme 4, reaction 2)
by treatment of the mono-cy-
cloadduct 4e with one equiva-
lent of the nitrone 2 (CHCl3,
16 h, 80 8C). The formation of
4e’ from the reaction of 1e
with 2 is thus believed to pro-
ceed via the mono-cycloadduct
4e in which the cyano group,
activated by the four fluoro
substituents of the phenyl ring,
undergoes, after a prolonged re-
action time, a further [2+3] cy-


cloaddition with the cyclic nitrone 2, converting into the
symmetrical ortho-bis(oxadiazolyl)tetrafluorobenzene 4e’.
The IR spectrum of 4e’ does not exhibit any band that
could be assigned to n ACHTUNGTRENNUNG(N�C) and the NMR data also prove
that the compound was isolated without ring-opening by N�
O bond rupture of the oxadiazoline ring, in contrast to what
we have recently observed[12] in other cases.


Inorganic template synthesis : In this second part of the
work, we investigated the reactions of the phthalonitriles
with the cyclic nitrone in the presence of palladium chloride
(PdCl2), thus comparing the reactivity with that in the ab-
sence of this metal site and investigating the PdII-activating
(and templating) effect.
Treatment of the phthalonitriles 1 with two equivalents of


the cyclic nitrone 2 and one equivalent of PdCl2 in acetone
at room temperature for 12 h gave the corresponding bis(-
pyrrolidin-2-ylidene)phthalamide PdII complexes 5 in good
yields (73–90%) (Scheme 5). Elemental analyses, FAB+


MS, IR, 1H, and 13C NMR spectra, and X-ray data (for 5a
and 5c) confirm the proposed formulas. For example, com-
parison of the IR spectra of these complexes with those of
the starting phthalonitriles shows that the C�N stretching vi-
brations are replaced by the strong n ACHTUNGTRENNUNG(NC=O) and n ACHTUNGTRENNUNG(C=N)
vibrations at approximately 1731 and 1633 cm�1, respectively
and that the n(NH) band at 3237–3433 cm�1 emerges. More-
over, the 13C NMR resonances at d�169.0 and 173.9 ppm
are assigned to the N=CNH and NC=O moieties, respective-
ly. In the 1H NMR spectra, the NH resonances are detected
at d�10.7 ppm and confirm the N�O ring cleavage.


Figure 1. Molecular structure of 4,5-dichloro-2-(5,5-dimethyl-5,6,7,7a-tet-
rahydroazolo[1,2-b,1,2,4]oxadiazol-2-yl)benzonitrile 4c with atomic num-
bering scheme. Selected bond lengths [P] and angles [8]: Cl5�C5
1.729(3), O1�N4 1.493(3), O1�C1 1.358(3), N1�C1 1.260(4), N1�C10
1.472(3), N2�C2 1.147(5), N4�C10 1.511(4), N4�C13 1.504(4), C1�C3
1.482(4), C2�C8 1.449(4), C3�C4 1.382(4), C10�C11 1.542(4); N4-O1-C1
105.05(18), C1-N1-C10 106.2(2), O1-N4-C10 101.83(17), N4-C13-C132
111.7(2), O1-N4-C13 106.88(19), O1-C1-N1 118.6(2), O1-C1-C3 115.6(2),
N1-C1-C3 125.8(2), N2-C2-C8 173.6(3), N1-C10-C11 111.5(2).


Scheme 4. Synthesis of bisoxadiazoline 4e’ from 1) phlathonitrile 1e and 2) from oxadiazoline 4e.
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The structures of compounds 5a (Figure 2) and 5c were
also determined by single-crystal X-ray analysis. These two
compounds are quite similar so we will only discuss struc-
ture 5a in more detail. The molecular structure of 5a shows
two strong hydrogen bonds between the amine moieties of
the nitrone-derived heterocycle and the keto oxygen O1
atom, one is intramolecular (H11···O1 2.11 P and N11�
H11···O1 1218) and the other one intermolecular (H21···O1
2.2300 P and N21�H21···O1 1448) (Figure 2b). The C1=O1
and the C2=O2 bond lengths, 1.227(10) and 1.218(10) P, re-
spectively, within the N�C=O moieties are in accord with
the average value, 1.225 P,[19] for amide derivatives. The


similarity of N1�C11, N11�C11,
and N1�C1 bond lengths
(1.340, 1.320, and 1.395 P, re-
spectively) shows a significant
delocalization of the N1=C11
double bond along the O1-C1-
N1-C11-N11 fragment with cor-
responding formation of the
enol form.[12]


However, the reaction of
phthalonitriles 1 with the less
reactive acyclic nitrone (4-
C6H4)=CH(Me)N+O� in the
presence of PdCl2, upon solvent
reflux for one day, results in the
formation of mixtures of un-
identified products.


Mechanistic investigations : At-
tempted reactions of the phtha-
lonitriles 1 with one equivalent
of PdCl2, in the absence of the


nitrone, at room temperature or in refluxing acetone for one
week resulted in quantitative recovery of the starting mate-
rials. Hence, the formation of complexes 5 should not be
expected to occur via coordination of the phthalonitrile
to Pd.
Surprisingly, treatment of 4,5-dichloro-2-(oxadiazolyl)ben-


zonitrile 4c or tetrafluoro-2-(oxadiazolyl)benzonitrile 4e
with one equivalent of PdCl2 in acetone for 72 h at room
temperature gives the unusual dimers [{PdCl ACHTUNGTRENNUNG(m-
N=C(R1R2R3R4C6) ACHTUNGTRENNUNG(C=O)�N�C=N�C ACHTUNGTRENNUNG(CH3)2�CH2CH2)}2]
7c (R1=R4=H, R2=R3=Cl) or 7e (R1=R2=R3=R4=F),
respectively, with the substituted iminoisoindolinone moiety
(Scheme 6). Compounds 7c and 7e were characterized by
conventional methods (see Experimental) and for 7c
(Figure 3) the structure was also authenticated by a single-
crystal X-ray diffraction analysis. The IR spectra show the
conjugated N�C=N and N�C=O moieties at approximately
1680 and 1750 cm�1, respectively. The 13C NMR spectra ex-
hibit typical C=N and C=O resonances at d�160 and
164 ppm. The N1=C1, N3=C11, and C2=O1 bonds in 7c
have a significant double-bond character, whereas C1�N2,
C11�N2, and C2�N2 are mainly single bonds. Thus, in this
case, the p-electron delocalization in the N�C=O and N�C=


N moieties is much lower than in compounds 5. To our
knowledge, dimers 7 represent the first examples of metal
complexes with 2-dihydropyrrolyl-iminoisoindolinone li-
gands.
From the mechanistic viewpoint, we believe that dimers 7


are formed via coordination of two molecules of 4 to palla-
dium chloride through the nitrile groups to yield the inter-
mediates 6 (Scheme 6). Subsequent opening of the oxadia-
zoline ring and spontaneous intramolecular attack of the
imine nitrogen on the cyano carbon which bridges to a
second palladium chloride, with elimination of HCl then
occurs (rearrangements partially shown as route a on the


Scheme 5. Synthesis of palladacycles 5.


Figure 2. Partial stick representation of the crystal packing diagram of
complex 5a with atomic numbering scheme (hydrogen atoms except of
H11 and H21 and solvent molecules are omitted for clarity). Selected
bond lengths [P] and angles [8]: Pd1�Cl1 2.303(2), Pd1�N1 2.047(7),
O1�C1 1.227(10), N1�C11 1.340(14), N1�C1 1.395(10), N11�C11
1.320(12), N11�C14 1.488(14), C1�C8 1.493(15), C11�C12 1.500(12);
Cl1-Pd1-Cl2 91.87(9), Cl1-Pd1-N1 89.6(2), Cl1-Pd1-N2 174.9(2), C1-C8-
C7 117.9(8), N1-Pd1-N2 85.5(3), Pd1-N1-C1 118.5(7), N1-C11-N11
128.1(7), Pd1-N1-C11 120.3(5), N11-C11-C12 109.8(9), C11-N11-C14
114.0(7), O1-C1-N1 123.8(9), N1-C1-C8 115.9(7). Selected hydrogen
bonds: N11�H11···O1 2.11, N21�H21··O1 2.23.
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structural formula of 6, Scheme 6). We recently discovered
similar transformations involving nucleophiles such as
oximes and hydroxylamines.[16,20] Although previous re-
ports[21] indicate that, in some cases, trans-


[PdCl2(organonitrile)2] com-
plexes are not stable in solu-
tion, in our work the isolation
of the complex 6c from the re-
action mixture was successful
and its structure was confirmed
by IR and NMR spectroscopy,
ESI MS, and elemental analysis
(see the Experimental Section).
Furthermore, the related inter-
mediate 6e was detected direct-
ly in the reaction mixture by
ESI MS. Refluxing acetone sol-
utions of complexes 6 for 48 h
leads to the formation of
dimers 7, confirming that com-
pounds 6 are precursors of 7.
The reactions of the 2-(oxa-


diazolyl)benzonitriles 4 with
one equivalent of the cyclic ni-
trone 2 and one equivalent of
PdCl2 in acetone at room tem-
perature for 12 h give exclusive-
ly the corresponding (pyrroli-
din-2-ylidene)phthalamide PdII


complexes 5 (Scheme 6). The
same products 5 are obtained
by treatment of the intermedi-
ates 6 with one equivalent of
the nitrone 2 in acetone for
12 h at room temperature. In
contrast, the dimers 7 do not
react with the cyclic nitrone 2
in acetone (room temperature,
72 h).
Attempts to prepare complex


5e by reaction of the ortho-bi-
s(oxadiazolyl)tetrafluoroben-
zene 4e’ (Scheme 4) with one
equivalent of palladium chlo-
ride have failed and only the
starting materials were recov-
ered quantitatively even after 4
days under solvent reflux, possi-
bly on account of the bulkiness
of the oxadiazoline moieties
that can hamper their coordina-
tion. This provides further sup-
port for the formation of com-
plexes 5 via the mono-cycload-
ducts 4.
The above results show that


the intermolecular nucleophilic
attack of the cyclic nitrone 2 on the cyano carbon of 6
(Scheme 6, route b) to give complexes 5 occurs in prefer-
ence to the intramolecular rearrangement of 6 (via N�O
bond cleavage and nucleophilic attack of the imino moiety


Scheme 6. Proposed mechanism for the synthesis of palladacycles 5.
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to the cyano carbon, route a) that would lead to the forma-
tion of dimers 7. In contrast, reactions of 4 with other nucle-
ophiles such as the acyclic nitrone �O+N(Me)=C(H)-
ACHTUNGTRENNUNG(C6H4Me-4), N,N-diethylhydroxylamine Et2NOH or acetone
oxime Me2C=NOH instead of the cyclic nitrone 2, under the
same experimental conditions, afford the dimers 7 as exclu-
sive products. In this case the intramolecular rearrangement
is more favourable than the intermolecular addition, in
accord with the lower reactivity of these nucleophiles in
comparison with the cyclic nitrone.
The intermolecular reaction (b, Scheme 6) leading to the


complexes 5 is believed to proceed via [2+3] cycloaddition
of the cyclic nitrone 2 to the
cyano moiety of one nitrile
ligand in 6 and elimination of
the other one to give an unsta-
ble bicyclic 1,2,4-oxadiazoline-
PdII intermediate 8 in which the
rupture of the N�O bond is
promoted by the metal site. The
course of this type of reaction,
which proceeds through an oxa-
diazoline–Pt complex related to
8 was demonstrated by us in a
previous study.[12] The metal
center increases the oxophilic
character of the imine N=


C(R)ON carbon and renders


this atom capable of abstracting the oxygen of the O�N
group to form the ketoimino moiety NACHTUNGTRENNUNG(C=O)=CNH upon
rearrangement involving a formal 1,2-H shift from the CH
carbon of the oxadiazoline ring to the adjacent and deoxy-
genated N atom.


Liberation of ketoimine 5e’: The possibility of liberation of
the ketoimine ligand from a complex 5 is illustrated by dis-
placement with 1,2-bis(diphenylphosphanyl)ethane (dppe)
from 5e (Scheme 7). When precipitation of the colorless
compound, [PdCl2ACHTUNGTRENNUNG(dppe)] (identified by IR and 31P NMR
spectroscopy[22]) was complete, the quantitative formation of
the free ketoimine 5e’ was confirmed by IR, 1H, and
13C NMR spectroscopy (see Experimental Section).


Catalysis : Because palladium(II) complexes with two N-co-
ordinated ligands are known[14] to act as catalysts for the
Suzuki–Miyaura cross-coupling reaction of bromobenzene
(PhBr) and phenylboronic acid (PhB(OH)2) to give biphen-
yl, we have also tested the possible catalytic applications of
representatives of our mono- and dinuclear PdII complexes
of types 5 and 7 in that reaction. We have thus observed
that complexes 5a and 7c show a very high catalytic activity
for the standard Suzuki–Miyaura system (1 equiv of bromo-
benzene and 1.2 equiv of phenylboronic acid) (Table 1).
High isolated yields of biphenyl (up to 97%) are achieved
in toluene at 100 8C, with K2CO3 as a base, with turnover
numbers (TON) up to 9.3:105 and 9.5:105 moles of bi-
phenyl per mole of catalyst, and turnover frequencies
(TOF) of up to 1.8:105 and 9.0:105 moles of biphenyl per
mole of catalyst per hour, for 5a and 7c, respectively. These
results are amongst the best ones so far reported in the
field.[23]


Conclusion


The results of this work show that the purely organic reac-
tions between the phthalonitriles 1 and the cyclic nitrone 2
proceed under harsh conditions (heating in a sealed tube) to
give phthalimide 3, 2-(oxadiazolyl)benzonitrile 4, or ortho-


Figure 3. Molecular structure view along the b axis of complex 7c with
atomic numbering scheme. Hydrogen atoms and solvent molecules are
omitted for clarity. Selected distances [P] and angles [8]: Pd1�Pd1a
2.9380(8), Pd1�Cl1 2.3266(16), Pd1�N1 1.972(5), Pd1�N3 2.019(4), O1�
C2 1.197(8), N1�C1 1.261(7), N2�C2 1.426(7), N2�C11 1.383(7), N2�C1
1.430(8), N3�C1 1.521(8), N3�C11 1.291(7), C1�C8 1.476(8), C2�C3
1.466(8); Cl1-Pd1-N3 100.69(14), Pd1a-Pd1-Cl1 125.64(4), Cl1-Pd1-N1a
91.31(13), N1-Pd1-N3 89.79(18), N1-C1-N2 123.6(5), C1-N2-C11 124.4(5),
C1-N2-C2 110.4(5), N2-C11-N3 124.6(5), C11-C12-C13 101.4(5), Pd1-N3-
C11 123.2(4), O1-C2-N2 125.7(5). Symmetry transformations used to gen-
erate the equivalent atoms: a) �x, y, 1/2�z.


Scheme 7. Liberation of ketoimine 5e’.
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bis(oxadiazolyl)tetrafluorobenzene 4e’ derivatives, depend-
ing on the nature of substituents in the starting phthalo-
ACHTUNGTRENNUNGnitriles (an electron-withdrawing substituent, such as F, pro-
motes the [2+3] cycloaddition which can even occur at both
cyano groups in tetrafluorophthalonitrile) and on the reac-
tion time. In contrast, the reactions in the presence of a pal-
ladium(II) site proceed, under mild conditions, in a con-
trolled way, providing an easy and selective access to
bis ACHTUNGTRENNUNG(pyrrolidin-2-ylidene)phthalamide PdII complexes 5 via
an unprecedented single-pot reaction, in which the sponta-
neous rupture of the N�O bond of the oxadiazoline ring is
promoted by the metal center. The ketoimine ligands thus
generated can be successfully liberated from the metal by
displacement with dppe.
A first [2+3] cycloaddition of a phthalonitrile 1 with the


nitrone 2 can occur in the absence of the metal to give a
mono-cycloadduct (2-(oxadiazolyl)benzonitrile 4), but the
second [2+3] coupling at the still-unreacted cyano group re-
quires its activation by coordination to PdII, to afford a com-
plex 6 with two ligated oxadiazolyl-benzonitriles. These li-
gands show quite a versatile reactivity and can undergo
either i) further cycloaddition with the cyclic nitrone to
afford ultimately (upon rearrangement) the (pyrrolidinylide-
ne)phthalamide complexes 5 or ii) N�O bond cleavage in
the oxadiazoline ring with spontaneous intramolecular
attack of the imine nitrogen on the cyano carbon and bridg-
ing to a second PdII center (upon HCl elimination) to afford
the final dimeric products 7. They bear a previously un-
known type of ligand, that is, a dihydropyrrolyl-iminoisoin-
dolinone, and represent the first examples of complexes
with such a ligand. The obtained PdII complexes 5 and 7
with the N-coordinated (pyrrolidinylidene)phthalamide and
dihydropyrrolyl-iminoisoindolinone ligands, respectively,
possess a remarkably high catalytic activity toward the
Suzuki–Miyaura cross-coupling reaction, achieving the TOF
value of 9:105h�1.
We have thus developed synthetic strategies that involve


cycloaddition reactions of a cyclic nitrone with conveniently


substituted phthalonitriles, which provide access to novel
multifunctional heterocyclic oxadiazoline, phthalamide, and
iminoisoindolinone rings, with eventual significance for ap-
plications as dyes, pigments, or intermediates for the synthe-
ses of pharmaceutical and naturally occurring compounds.
The use of PdII complexes with such types of ligands as cata-
lysts for C�C coupling reactions was demonstrated for par-
ticular cases and the extension to other related catalytic re-
actions appears to be rather promising and deserves to be
explored.


Experimental Section


Material and instrumentation : Solvents and reagents were obtained from
commercial sources (Aldrich) and used as received. The acyclic nitrone
was synthesized by condensation of 4-methylbenzaldehyde and N-methyl-
hydroxylamine, according to a published method.[24] For TLC, Merck
Silica gel 60F254 plates have been used. C, H, and N elemental analyses
were carried out by the Microanalytical Service of the Instituto Superior
TBcnico. 1H and 13C spectra (in CDCl3, CDCl3/CD3OD or [D6]DMSO)
were measured on Bruker Avance II 300 and 400 MHz (UltraShield
Magnet) spectrometers at ambient temperature. 1H and 13C chemical
shifts (d) are expressed in ppm relative to SiMe4. J values are in Hz. In-
frared spectra (4000–400 cm�1) were recorded on a Bio-Rad FTS
3000mX and a Jasco FTIR-430 instrument in KBr pellets and the wave-
numbers are in cm�1. Positive-ion FAB mass spectra were obtained on a
Trio 2000 instrument by bombarding 3-nitrobenzyl alcohol (NBA) ma-
trixes of samples with 8 keV (ca. 1.28:1015 J) Xe atoms. Electrospray
mass spectra were carried out with an ion-trap instrument (Varian 500-
MS LC Ion Trap Mass Spectrometer) equipped with an electrospray
(ESI) ion source. For electrospray ionization, the drying gas and flow
rate were optimized according to the particular sample with 35 p.s.i. neb-
ulizer pressure. Scanning was performed from m/z 50 to 1500. The com-
pounds were observed in the positive mode (capillary voltage=80–
105 V).


Reactions of phthalonitriles 1 (1a, R1 =R2 =R3 =R4 =H; 1b, R1 =R2 =


R4 =H, R3 =CH3; 1c, R1 =R4 =H, R2 =R3 =Cl; 1d, R1 =R2 =R3 =R4 =


Cl; 1e, R1 =R2 =R3 =R4 =F) with the cyclic nitrone �O+ N=


CHCH2CH2CMe2 2 : A solution of 1a (50.0 mg, 0.390 mmol), 1b
(50.0 mg, 0.352 mmol), 1c (50.0 mg, 0.254 mmol), 1d (50.0 mg,
0.188 mmol) or 1e (50.0 mg, 0.249 mmol) in CHCl3 (4 mL) was added at
room temperature to the nitrone 2 (2 equiv) and the mixture was heated
at 80 8C in a sealed stainless steel tube for 12 h (1a, 1c), 72 h (1b), 7 h
(1d) or 3 h (1e) and the progress of the reaction was monitored by TLC.
After evaporation of the solvent to dryness in vacuo, the crude residue
was purified by column chromatography on silica (CH2Cl2) followed by
evaporation of the solvent in vacuo to give the final products 3a, 3b, 4c,
4d, or 4e, respectively.


Compound 3a : Yield: 49%; 1H NMR (300 MHz, CDCl3): d=7.77–
7.91 ppm (m, 4H, CHaromatic) ;


13C NMR (75.4 MHz, CDCl3): d =124.3,
133.3 (Caromatic), 135.0 (Caromatic), 168.6 ppm (C=O); IR: ñ=3448 (n(NH)),
1747 cm�1 (n ACHTUNGTRENNUNG(C=O)); MS (FAB+): m/z : 148 [M+H]+ ; elemental analysis
calcd (%) for C8H5NO2: C 65.31, H 3.43, N 9.52; found: C 65.53, H 3.22,
N 9.83.


Compound 3b : Yield: 51%; 1H NMR (300 MHz, CDCl3): d=2.53 (s, 3H,
CH3), 7.55 (d, JHH=7.2 Hz, 1H, CHaromatic), 7.68 (s, 1H, CHaromatic), 7.76
(d, JHH=7.2 Hz, 1H, CHaromatic), 8.09 ppm (s, br, 1H, NH); 13C NMR
(75.4 MHz, CDCl3): d=22.7 (CH3), 124.2, 124.7, 130.7, 133.7, 135.5
(Caromatic), 146.3 (Caromatic), 168.9 (C=O), 169.0 ppm (C=O); IR: ñ=3212
(n(NH)), 1725 cm�1 (n ACHTUNGTRENNUNG(C=O)); MS (FAB+) m/z : 162 [M
H]+ ; elemental analysis calcd (%) for C9H7NO2: C 67.07, H 4.38, N 8.69;
found: C 67.34, H 4.22, N 9.03.


Compound 4c : Yield: 65%; 1H NMR (300 MHz, CDCl3): d=1.23 (s, 3H,
CH3), 1.35 (s, 3H, CH3), 1.67–1.72 (m, 2H, CH2), 2.09–2.15 (m, 1H,


Table 1. Catalytic activity of complexes 5a and 7c for the Suzuki–
Miyaura cross-coupling reaction of bromobenzene and phenylboronic
acid.[a]


Entry Catalyst [mmol] t [h] Yield [%][b] TON[c] TOF [h�1][d]


1 5a (5:10�4) 24 97 9.7:103 4.1:102


2 5a (5:10�4) 1 95 9.5:103 9.5:103


3 5a (5:10�5) 24 94 9.4:104 3.9:103


4 5a (5:10�5) 1 92 9.2:104 9.2:104


5 5a (5:10�5) 0.5 90 9.0:104 1.8:105


6 5a (5:10�6) 24 93 9.3:105 3.9:104


7 5a (5:10�6) 7 90 9.0:105 1.3:105


8 7c (5:10�4) 24 97 9.7:103 4.1:102


9 7c (5:10�5) 24 94 9.4:104 3.9:103


10 7c (5:10�6) 3 95 9.5:105 3.2:105


11 7c (5:10�6) 1 90 9.0:105 9.0:105


[a] PhBr (5.0 mmol) + PhB(OH)2 (6.0 mmol) + K2CO3 (10.0 mmol) +


catalyst + toluene (50 mL), in air, at 100 8C (see Experimental).
[b] Moles of biphenyl per 100 moles of PhBr. [c] Turnover number
(moles of biphenyl per mole of catalyst). [d] Turnover frequency (moles
of biphenyl per mole of catalyst per hour).
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CH2), 2.30–2.35 (m, 1H, CH2), 5.75 (dd, JHH=7.2, 2.4 Hz, 1H, NCHN),
7.87 (s, 1H, CHaromatic), 8.09 ppm (s, 1H, CHaromatic) ;


13C NMR (75.4 MHz,
CDCl3): d=23.9 (CH3), 27.7 (CH3), 31.9 (CH2), 34.6 (CH2), 69.9
(C(Me)2), 92.2 (NCHN), 111.8 (N�C), 116.1 (N�C), 127.9, 132.5, 136.4,
136.5, 137.0 (Caromatic), 138.6 (Caromatic), 157.0 ppm (C=N); IR: ñ=2234 (n-
ACHTUNGTRENNUNG(N�C)), 1735 (nACHTUNGTRENNUNG(NCO), conjugated), 1648 cm�1 (C=N); MS (FAB+): m/
z : 310 [M]+ ; elemental analysis calcd (%) for C14H13N3OCl2: C 54.21, H
4.22, N 13.55; found: C 54.56, H 4.15, N 13.12.


Compound 4d : Yield: 35%; 1H NMR (300 MHz, CDCl3): d=1.16 (s, 3H,
CH3), 1.39 (s, 3H, CH3), 1.69–1.75 (m, 1H, CH2), 1.89–1.99 (m, 1H,
CH2), 2.13–2.20 (m, 1H, CH2), 2.25–2.35 (m, 1H, CH2), 5.85 ppm (m,
1H, NCHN); 13C NMR (75.4 MHz, CDCl3): d=23.7 (CH3), 26.7 (CH3),
31.9 (CH2), 33.7 (CH2), 70.3 (C(Me)2), 92.5 (NCHN), 112.6 (N�C), 114.0
(N�C), 130.7, 133.3, 135.9, 136.7 (Caromatic), 139.2 (Caromatic), 154.9 ppm (C=


N); IR: ñ =2239 (n ACHTUNGTRENNUNG(N�C)), 1742 (n ACHTUNGTRENNUNG(NCO), conjugated), 1680 cm�1 (C=


N); MS (FAB+): m/z : 379 [M]+ ; elemental analysis calcd (%) for
C14H11N3OCl4: C 44.36, H 2.92, N 11.09; found: C 43.87, H 2.43, N, 10.74.


Compound 4e : Yield: 70%; 1H NMR (300 MHz, CDCl3): d =1.18 (s, 3H,
CH3), 1.34 (s, 3H, CH3), 1.69–1.75 (m, 2H, CH2), 2.07–2.16 (m, 1H,
CH2), 2.26–2.34 (m, 1H, CH2), 5.76 ppm (dd, JHH=7.5, 2.7 Hz, 1H,
NCHN); 13C NMR (75.4 MHz, CDCl3): d=23.3 (CH3), 26.8 (CH3), 31.3
(CH2), 33.6 (CH2), 69.6 (C(Me)2), 91.7 (NCHN), 109.3 (N�C), 114.3 (N�
C), 140.4, 142.4, 145.0, 148.4, 151.7 (Caromatic), 152.5 (Caromatic), 162.3 ppm
(C=N); IR: ñ=2242 (n ACHTUNGTRENNUNG(N�C)), 1739 (n ACHTUNGTRENNUNG(NCO), conjugated), 1674 (nACHTUNGTRENNUNG(C=


N)), 1628 cm�1 (n ACHTUNGTRENNUNG(C=N)); MS (FAB+) : m/z : 314 [M+H]+ ; elemental
analysis calcd (%) for C14H11N3OF4: C 53.68, H 3.54, N 13.41; found: C
53.72, H, 3.70, N 13.45.


Synthesis of compound 4e’: A solution of 1e (50.0 mg, 0.249 mmol) in
CHCl3 (2 mL) was added at room temperature to the nitrone 2 (56.4 mg,
0.498 mmol) and the mixture was heated at 80 8C in a sealed tube for
16 h. After evaporation of the solvent to dryness in vacuo, the crude resi-
due was purified as indicated above to give the corresponding product
4e’.


Compound 4e’: Yield: 30%; 1H NMR (300 MHz, CDCl3): d=1.11 (s,
6H, two CH3), 1.47 (s, 6H, two CH3), 1.79–1.82 (m, 4H, two CH2), 2.21–
2.28 (m, 2H, CH2), 2.44–2.53 (m, 2H, CH2), 6.05 ppm (dd, JHH=12.9,
7.5 Hz, 2H, two NCHN); 13C NMR (75.4 MHz, CDCl3): d =22.2 (CH3),
28.4 (CH3), 29.1 (CH2), 36.6 (CH2), 67.6 (C(Me)2), 103.4 (NCHN), 145.3,
151.5 (Caromatic), 153.1 (Caromatic), 162.0 ppm (C=N); IR: ñ =1786 (n ACHTUNGTRENNUNG(NCO),
conjugated), 1728 (n ACHTUNGTRENNUNG(NCO), conjugated), 1643 cm�1 (n ACHTUNGTRENNUNG(C=N)); MS
(FAB+): m/z : 427 [M+H]+ ; elemental analysis calcd for C20H22N4O2F4: C
56.33, H 5.20, N 13.14; found: C 56.08, H 5.44, N 13.03.


Reactions of phthalonitriles 1 (1a, R1 =R2 =R3 =R4 =H; 1b, R1 =R2 =


R4 =H, R3 =CH3; 1c, R1 =R4 =H, R2 =R3 =Cl; 1d, R1 =R2 =R3 =R4 =


Cl; 1e, R1 =R2 =R3 =R4 =F) with the cyclic nitrone �O+ N=


CHCH2CH2CMe2 2 in the presence of palladium(II) chloride (PdCl2): A
solution of 1a (50.0 mg, 0.390 mmol), 1b (50.0 mg, 0.352 mmol), 1c
(50.0 mg, 0.254 mmol), 1d (50.0 mg, 0.188 mmol), or 1e (50.0 mg,
0.249 mmol) in acetone (8 mL) was added at room temperature to the ni-
trone 2 (2 equiv) and palladium chloride (1 equiv), and the mixture was
stirred at room temperature for 12 h. During the course of the reaction,
the brown PdCl2 powder dissolved, forming a homogeneous light yellow
solution. The reaction mixture was then dried in vacuo, washed with
three 10 mL portions of diethyl ether and dried under air. The final com-
plex 5 was recrystallized from acetone.


Compound 5a : Yield: 75%; 1H NMR (300 MHz, CDCl3): d=1.48 (s, 6H;
two CH3), 1.59 (s, 6H; two CH3), 2.11 (t, JHH=7.2 Hz, 4H; two CH2),
3.45 (t, JHH=7.2 Hz, 4H; two CH2), 7.68 (s, br, 4H; CHaromatic), 10.73 ppm
(s, br, 2H; NH); 13C NMR (75.4 MHz, CDCl3+CD3OD): d=27.6 (CH3),
30.5 (CH3), 33.7 (CH2), 36.4 (CH2), 64.8 (C(Me)2), 128.8, 131.2 (Caromatic),
135.6 (Caromatic), 169.5 (NC=N), 173.4 ppm (NC=O); IR: ñ =3285
(n(NH)), 3237 (n(NH)), 1712 (n ACHTUNGTRENNUNG(NC=O)), 1657 (n ACHTUNGTRENNUNG(NC=N), conjugated),
1591 cm�1 (n ACHTUNGTRENNUNG(NC=N), conjugated); MS (FAB+): m/z : 554 [M+Na]+, 531
[M]+ , 495 [M�Cl]+ , 459 [M�2Cl]+ ; elemental analysis calcd for
C20H26N4O2Cl2Pd: C 45.17, H 4.93, N 10.54; found: C 44.77, H 4.83, N
10.61.


Compound 5b : Yield: 73%; 1H NMR (300 MHz, CDCl3): d=1.42 (s, 6H,
two CH3), 1.44 (s, 6H, two CH3), 2.11 (t, JHH=7.3 Hz, 4H, two CH2),


2.45 (s, 3H, CH3Ph), 3.47 (t, JHH=7.3 Hz, 4H, two CH2), 7.42–7.58 (m,
3H, CHaromatic), 10.67 ppm (s, br, 2H, NH); 13C NMR (75.4 MHz, CDCl3):
d=21.3 (CH3Ph), 25.2 (CH3), 28.3 (CH3), 30.8 (CH2), 33.9 (CH2), 73.6
(C(Me)2), 129.4, 129.5, 132.1, 133.1, 135.9 (Caromatic), 142.0 (Caromatic),
174.1 ppm (NC=O); IR: ñ =3433 (n(NH)), 3276 (n(NH)), 1643, 1631 (n-
ACHTUNGTRENNUNG(NC=N) and n ACHTUNGTRENNUNG(NC=O), conjugated), 1589 cm�1 (n ACHTUNGTRENNUNG(NC=N) and (n ACHTUNGTRENNUNG(NC=


O), conjugated); MS (ESI): m/z : 547 [M+H]+ ; elemental analysis calcd
for C21H28Cl2N4O2Pd: C 46.21, H 5.17, N 10.27; found: C 46.52, H 5.13, N
10.16.


Compound 5c : Yield: 80%; 1H NMR (400 MHz, CDCl3): d=1.44 (s, 6H,
two CH3), 1.50 (s, 6H, two CH3), 2.07–2.14 (m, 4H, two CH2), 2.56–2.61
(m, 2H, CH2), 3.41–3.52 (m, 2H, CH2), 7.76 (s, 2H, CHaromatic), 10.61 ppm
(s, br, 2H, NH); 13C NMR (100.6 MHz, CDCl3): d=25.3 (CH3), 28.3
(CH3), 30.9 (CH2), 34.0 (CH2), 131.2, 134.9 (Caromatic), 136.1 (Caromatic),
174.5 (NC=O); IR: ñ=3250 (n(NH)), 1789 (n ACHTUNGTRENNUNG(NC=O)), 1670 (n ACHTUNGTRENNUNG(NC=N),
conjugated), 1600 cm�1 (n ACHTUNGTRENNUNG(NC=N), conjugated); MS (FAB+) m/z : 601
[M+H]+ , 623 [M+Na]+ , 565 [M�Cl]+ ; elemental analysis calcd for
C20H24N4O2Cl4Pd: C 39.99, H 4.03, N 9.33; found: C 40.14, H 4.00, N
9.39; the poor solubility of the complex did not allow the acquisition of
all the 13C signals.


Compound 5d : Yield: 85%; 1H NMR (400 MHz, CDCl3+CD3OD): d=


1.14 (s, 6H, two CH3), 1.20 (s, 6H, two CH3), 1.85 (t, JHH=6.3, 4H, two
CH2), 2.70 ppm (t, JHH=6.3 Hz, 4H, two CH2);


13C NMR (100.6 MHz,
CDCl3+CD3OD): d=23.5 (CH3), 27.5 (CH3), 30.9 (CH2), 34.8 ppm
(CH2); IR: ñ=3322 (n(NH)), 1793 (n ACHTUNGTRENNUNG(NC=O), conjugated), 1737 (n ACHTUNGTRENNUNG(NC=


O), conjugated), 1686 cm�1 (n ACHTUNGTRENNUNG(NC=N)); MS (FAB+): m/z : 635 [M�Cl]+ ;
elemental analysis calcd for C20H22N4O2Cl6Pd: C 35.88, H 3.31, N 8.37;
found: C 35.44, H 3.42, N 8.48. The poor solubility of the complex did
not allow the acquisition of all the NMR data.


Compound 5e : Yield: 90%; 1H NMR (300 MHz, CDCl3): d =1.37 (s, 6H,
two CH3), 1.41 (s, 6H, two CH3), 2.03 (m, 4H, two CH2), 2.55 (m, 2H,
CH2), 3.74 (m, 2H, CH2), 10.73 ppm (s, br, 2H, NH); 13C NMR
(75.4 MHz, CDCl3): d=25.1 (CH3), 27.8 (CH3), 33.7 (CH2), 35.1 (CH2),
73.5 (C(Me)2), 140.1, 142.8 (Caromatic), 146.2 (Caromatic), 168.6 (C=N), 174.1
(NC=O); IR: ñ=3339 (n(NH)), 1788 (n ACHTUNGTRENNUNG(NC=O), conjugated), 1704 (n-
ACHTUNGTRENNUNG(NC=O), conjugated), 1650 (n ACHTUNGTRENNUNG(NC=N), conjugated), 1588 cm�1 (n ACHTUNGTRENNUNG(NC=


N), conjugated); MS (FAB+): m/z : 605 [M+H]+ ; elemental analysis
calcd for C20H22N4O2F4Cl2Pd: C 39.79, H 3.67, N 9.28; found: C 40.01, H
3.76, N 9.40.


Synthesis of intermediates 6 and of the dimers 7: Palladium chloride (1
eq) was added to a solution of 4c (50.0 mg, 0.161 mmol) or 4e (50.0 mg,
0.159 mmol) in acetone (8 mL) at room temperature and the mixture was
stirred a) at room temperature until full dissolution of PdCl2 was ob-
served (ca. 12 h) to give intermediates 6 or b) under reflux for 48 h or at
room temperature for 72 h to give dimers 7. During the course of the re-
action, the brown PdCl2 powder dissolved, forming a homogeneous light
yellow solution. In case a), the reaction mixture is then evaporated to
dryness in vacuo, washed with three 10 mL portions of diethyl ether and
dried under air (for 6c) or directly analyzed by ESI MS (for 6e). In case
b), after formation of the yellow solution, a yellow precipitate separates
out. It was then filtered off, washed with acetone (3:10 mL) and dried
under air (7).


Compound 6c : Yield: 34%; 1H NMR (300 MHz, CDCl3+CD3OD): d=


1.15 (s, 6H, two CH3), 1.42 (s, 6H, two CH3), 1.70–1.79 (m, 4H, two
CH2), 1.86–1.97 (m, 2H, CH2), 2.37–2.45 (m, 2H, CH2), 5.55 (dd, JHH=


6.2 and 2.7 Hz, 2H, NCHN), 7.89 (s, 2H, CHaromatic), 9.25 ppm (s, 2H,
CHaromatic) ;


13C NMR (75.4 MHz, CDCl3+CD3OD): d=22.7 (CH3), 26.2
(CH3), 31.1 (CH2), 33.5 (CH2), 71.4 (C(Me)2), 89.7 (NCHN), 111.9 (N�
C), 114.7 (N�C), 126.4, 133.6, 133.7, 135.6, 138.0 (Caromatic), 138.2
(Caromatic), 161.6 ppm (C=N); IR: ñ =2240 (n ACHTUNGTRENNUNG(C=N)), 1670, 1642 cm�1 (n-
ACHTUNGTRENNUNG(OC=N), conjugated); MS (ESI in acetone): m/z : 799 [M+H]+ ; elemen-
tal analysis calcd for C28H26Cl6N6O2Pd: C 42.16, H 3.29, N 10.54; found:
C 42.21, H 3.26, N 10.57.


Compound 6e : MS (ESI): (of the reaction mixture after 12 h of stirring
at room temperature), m/z : 805 [M+1]+, 732 [M�2Cl-1]+ .


Compound 7c : Yield: 70%; 1H NMR (400 MHz, [D6]DMSO): d=1.64 (s,
12H, four CH3), 1.93 (t, JHH=6.0 Hz, 4H, two CH2), 3.22 (t, JHH=6.0 Hz,
4H, two CH2), 8.34 (s, 2H, CHaromatic), 9.04 ppm (s, 2H, CHaromatic) ;


13C
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NMR (100.6 MHz, [D6]DMSO), d =27.5 (CH3), 33.4 (CH2), 75.0
(C(Me)2), 127.0, 127.3, 129.6, 129.9, 138.3 and 139.2 (Caromatic), 161.0 (NC=


N), 163.8 ppm (NC=N, NC=O, conjugated); IR: ñ =1776 (n ACHTUNGTRENNUNG(NC=O), con-
jugated), 1687 (n ACHTUNGTRENNUNG(NC=N), conjugated); MS (ESI, DMSO): m/z : 903
[M+H]+ ; elemental analysis calcd for C28H24Cl6N6O2Pd2: C 37.28, H 2.68,
N 9.32; found: C 37.56, H 2.58, N 9.12. Crystals of 7c were prepared by
slow evaporation of its methanol/chloroform solution.


Compound 7e : Yield: 75%; 1H NMR (400 MHz, [D6]DMSO): d=1.56 (s,
12H, four CH3), 1.95 (t, JHH=8.0 Hz, 4H; two CH2), 3.11 ppm (t, JHH=


8.0 Hz, 4H; two CH2);
13C NMR (100.6 MHz, [D6]DMSO), d : 27.5


(CH3), 32.4 (CH2), 38.9 (CH2), 76.5 (C(Me)2), 148.4 (C�Faromatic), 159.8
(NC=N), 162.1 ppm (NC=O, conjugated); IR: ñ=1787 (n ACHTUNGTRENNUNG(NC=O), conju-
gated), 1707 cm�1 (n ACHTUNGTRENNUNG(NC=N), conjugated); MS (ESI, DMSO): m/z : 909
[M+H]+ ; elemental analysis calcd for C28H20Cl2F8N6O2Pd2: C 37.03, H
2.22, N 9.25; found: C 37.56, H 2.18, N 9.38. The poor solubility of the
complex did not allow collection of all the 13C signals.


Attempts to react 4 with nucleophiles other than the cyclic nitrone 2 in
the presence of palladium(II) chloride : Compound 4c (20.0 mg,
0.064 mmol) or 4e (20.1 mg, 0.064 mmol) was dissolved in acetone,
whereupon PdCl2 (11.4 mg, 0.064 mmol) and the nucleophile
(0.064 mmol) (Me2C=NOH, �O+N(Me)=C(H) ACHTUNGTRENNUNG(C6H4Me-4) or Et2NOH)
were added. Continuous stirring at room temperature for 72 h led to a
yellow precipitate, which, by IR and NMR spectroscopic analyses, was
shown to be the corresponding dimer 7. Evaporation of the separated so-
lution gave a yellow oil, the main component of which was also the
dimer 7, contaminated with as yet unidentified species.


Liberation of the ketoimine 5e’ from the complex 5e: Dppe (72.6 mg,
0.182 mmol) was added to a solution of 5e (55.0 mg, 0.091 mmol) in
CDCl3 (2 mL) and the mixture was allowed to stand at 40 8C for 30 min,
whereupon colorless [PdCl2 ACHTUNGTRENNUNG(dppe)] precipitated. This precipitate was sep-
arated by filtration and identified by 31P NMR (161.9 MHz, CDCl3): d=


55.9 (56.7) ppm[22]). The free ketoimine 5e’ was characterized in solution
by NMR spectroscopy.


Compound 5e’: Yield: 50%; 1H NMR (400 MHz, CDCl3): d=1.29 (s,
6H, two CH3), 1.42 (s, 6H, two CH3), 1.89 (t, JHH=7.2 Hz, 4H, two
CH2), 2.84 (t, JHH=7.2 Hz, 4H, two CH2), 7.55 ppm (s, br, 2H, NH); 13C
NMR (100.6, CDCl3): d=25.3 (CH3), 28.0 (CH3), 34.0 (CH2), 35.3 (CH2),
73.4 (C(Me)2), 139.8, 141.5 (Caromatic), 145.1 (Caromatic), 169.1 (C=N),
172.4 ppm (NC=O); IR: ñ=3438 (n(NH)), 1739 (n ACHTUNGTRENNUNG(NC=O), conjugated),
1699 (n ACHTUNGTRENNUNG(NC=O), conjugated), 1629 cm�1 (n ACHTUNGTRENNUNG(NC=N), conjugated); MS
(ESI): m/z : 427 [M+H]+ ; elemental analysis calcd for C20H22F4N4O2: C
56.33, H 5.20, N 13.14; found: C 56.67, H 4.99, N 13.50.


Catalytic Suzuki–Miyaura cross coupling reactions of bromobenzene and
phenylboronic acid : A 100 mL round-bottom flask was charged with bro-


mobenzene (0.785 g, 5.00 mmol), phenylboronic acid (0.73 g, 6.0 mmol),
potassium carbonate (1.38 g, 10.0 mmol), 1 mL of a freshly prepared (see
below) acetone solution of catalyst 5a or 7c containing 5:10�4–5:
10�6 mmol of the complex (10�2–10�4 mol% Pd relative to bromoben-
zene), and toluene (50 mL). The solution was stirred at 100 8C in air, and
the reaction progress was monitored by TLC (hexane/CH2Cl2 10:1).
After completion, the reaction mixture was poured into water (excess)
and extracted with dichloromethane (3:25 mL). The organic extract was
dried with MgSO4 and evaporated in vacuo and the crude residue was
purified by column chromatography on silica (hexane/CH2Cl2 10:1).
Evaporation of the solvent in vacuo afforded the biphenyl product in 90–
95% yield (pure by 1H and 13C NMR).


The preparation of the catalyst solution was as follows: Catalyst 5a or 7c
(5:10�3 mmol, 2.65 mg or 4.50 mg of 5a or 7c, respectively) was dis-
solved in acetone (10 mL). By subsequent dilutions, solutions containing
5:10�4 and 5:10�5 mmol in acetone (10 mL) (that is, with concentrations
of 5:10�5 and 5:10�6m, respectively) were prepared.


X-ray crystal structure determinations : The X-ray quality single crystals
of 4c, 5a, 5c, and 7c were grown by slow evaporation at room tempera-
ture of their CHCl3 (for 4c and 5a) or CHCl3/MeOH (for 5c and 7c) sol-
utions. They were mounted in inert oil within the cold N2 stream of the
diffractometer. Intensity data were collected by using a Bruker AXS-
KAPPA APEX II diffractometer using graphite monochromated MoKa


radiation. Data were collected at 150 K using omega scans of 0.58 per
frame and a full sphere of data was obtained. Cell parameters were re-
trieved using Bruker SMART software and refined using Bruker SAINT
on all the observed reflections. Absorption corrections were applied
using SADABS. Structures were solved by direct methods by using the
SHELXS-97 package[25] and refined with SHELXL-97[26] with the
WinGX graphical user interface.[27] All hydrogens were inserted in calcu-
lated positions.


There are disordered solvents present in structures 5c and 7c. Attempts
were made to model these but were unsuccessful since there were no ob-
vious site occupations for the solvent molecules. PLATON/SQUEEZE[28]


was used to correct the data. Potential solvent volumes of 558 (5c) or
324 (7c) P3 were found and 64 (5c) or 158 (7c) electrons per unit cell
worth of scattering were located in the voids. The electron counts sug-
gested the presence of ca. one additional water molecule per unit cell in
5c, and one molecule of acetone and one molecule of water in 7c.


The crystallographic details for 4c, 5a, 5c and 7c are summarized in
Table 2. CCDC-681281, CCDC-681282, CCDC-681283, and CCDC-
681284 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Table 2. Crystal data and structure refinement details for compounds 4c, 5a, 5c, and 7c.


4c 5a·CHCl3 5c·C3H6O·H2O 7c·2CHCl3


empirical formula C14H13N3OCl2 C20H26N4O2Cl2Pd C20H24N4O2Cl4Pd C28H24Cl6N6O2Pd2·2CHCl3
Mr 310.17 651.14 676.75 1140.81
T [K] 150(2) 150(2) 150(2) 150(2)
l [P] 0.71069 0.71069 0.71069 0.71069
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/c P21/c I2/a C2/c
a [P] 16.753(2) 13.3550(11) 21.5056(13) 11.6758(14)
b [P] 6.3621(6) 14.8346(11) 12.6768(8) 17.012(2)
c [P] 14.428(3) 15.0941(10) 22.3470(18) 21.064(3)
b [8] 113.704(4) 122.999(3) 102.571(3) 100.580(5)
V [P3] 1408.1(4) 2508.0 (3) 5946.2(7) 4112.7(9)
Z 4 4 4 4
1calcd [Mgm�3] 1.463 1.724 1.512 1.842
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.459 1.300 1.018 1.692
no. of collected reflections 7379 13623 37425 7824
no. of unique reflections 2385 4387 5417 3649
R1


[a] (I�2s) 0.0426 0.0621 0.0318 0.0465
wR2


[b] (I�2s) 0.0947 0.1438 0.0700 0.1171


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


2)2]/�[wACHTUNGTRENNUNG(Fo
2)2]]1/2.
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Enantioselective Synthesis of [7]Helicene: Dramatic Effects of Olefin
Additives and Aromatic Solvents in Asymmetric Olefin Metathesis


Alain Grandbois and Shawn K. Collins*[a]


Introduction


Helicenes continue to be topics of intense interest as their
helically chiral structures have interesting potential optical,
electronic and medicinal properties.[1] Despite the relatively
high level of interest in these structures, the synthetic meth-
ods available for their preparation remain relatively under-
developed.[2] All new synthetic methods that are developed
must construct the strained carbon skeletons that result
from the ortho-fused aromatic rings.[3] Consequently, the
asymmetric synthesis of helicenes is also challenging. New
methods for the asymmetric preparation of heterohelicenes
have appeared and usually involve the enantioselective for-
mation of a carbon-heteroatom bond.[4] The synthetic chal-
lenge associated with an asymmetric synthesis of carboheli-
cenes is associated with enantioselectively inducing helicity
while forming a carbon–carbon bond. Herein, we report a
novel catalytic and enantioselective synthetic protocol for
the formation of [7]helicene by kinetic resolution by means
of asymmetric ring-closing metathesis (ARCM) that exploits
the use of olefin additives.
Enantioenriched carbohelicenes can be obtained by reso-


lution on chiral stationary phases; however, the develop-
ment of a practical asymmetric synthesis of enantioenriched
all-carbon helicenes remains of interest.[5] The first attempt


to prepare enantioenriched all-carbon helicenes was report-
ed by Martin, Kagan and co-workers more than 30 years
ago.[5a] Unfortunately, enantioinduction by photocyclisation
using circularly polarised light failed to afford significant
levels of enantioexcess. In the past decade, an efficient
method to access enantiopure helicenes was developed that
employs an asymmetric Diels–Alder reaction of quinones
bearing enantioenriched sulfoxides as chiral auxiliaries.[6] In
the late 90s, Starý and co-workers reported the first catalytic
and asymmetric approach to helicenes consisting of an imag-
inative [2+2+2] cyclotrimerisation of alkynes that yielded
tetrahydro[6]helicenes with moderate levels of ee (42–
48% ee).[7] Although the racemic tetrahydrohelicenes pre-
pared in this manner could be subsequently oxidised to the
corresponding [6]helicene, elevated temperatures were re-
quired and no mention of whether the enantioenriched tet-
rahydrohelicenes retained their enantiomeric excess was re-
ported. In 2007, Tanaka and co-workers revisited this cyclo-
trimerisation approach and prepared oxygen-containing di-
hydroheterohelicenes and some related helically chiral mol-
ecules by using a cationic RhI/modified BINAP complex.[8b]


Our laboratories have been developing new protocols to
access strained molecules by olefin metathesis. In 2006, our
group published a new synthetic route to various substituted
[5]helicenes as well as [6]- and [7]helicene by using ring-
closing olefin metathesis (Scheme 1).[8] Two separate olefin
metathesis protocols were developed that utilised either
Grubbs 2nd-generation catalyst 5 in CH2Cl2 at 100 8C under
microwave irradiation or Blechert@s catalyst 6 at 40 8C in a
sealed tube vessel. Under the optimised conditions employ-
ing microwave irradiation, [6]helicene could be prepared
with excellent conversion (100%) and isolated yield (80%).
[7]Helicene could also be prepared and similar yields were


Keywords: asymmetric synthesis ·
catalysis · helicenes · kinetic resolu-
tion · olefin metathesis


Abstract: The asymmetric synthesis of [7]helicene was accomplished in good ee
(80%) by kinetic resolution by means of asymmetric olefin metathesis. Three key
factors contributed to the success of the kinetic resolution: the use of new Ru-
based olefin metathesis catalysts bearing C1-symmetric N-heterocyclic carbene li-
gands, simple olefins as additives to control the nature of the propagating alkyli-
dene and hexafluorobenzene as a solvent.
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obtained by using either of the optimised synthetic protocols
(81 and 80% isolated yield).
An obvious advantage to using olefin metathesis to form


these structures was the possibility of using a mild transi-
tion-metal complex controlled process to effect an asymmet-
ric synthesis of helicenes. Asymmetric olefin metathesis rep-
resents a novel and potentially powerful method for the for-
mation of enantiomerically enriched helicenes as it con-
structs carbon–carbon bonds under relatively mild reaction
conditions.[9] To date, chiral Ru-based olefin metathesis cata-
lysts 1 have been developed that can afford both enantioen-
riched cyclic or acyclic products through asymmetric ring-
closing desymmetrisation and asymmetric cross metathe-
sis.[10] Both catalysts 1 and 2 have been shown to be effective
for tandem asymmetric ring opening/cross metathesis pro-
cesses (AROM/CM).[11] In cases for which catalysts 1 and 2
were not highly selective for ARCM, modification of the


alkene structure or the use of
halide additives helped to in-
crease enantioselection.[10a,b,11]


Recently, Hoveyda and Giudici
reported a novel method of in-
creasing enantioselection in
the AROM/CM of cyclopro-
penes with catalyst 2 that uses
enoate or ynoate motifs as di-
recting groups.[12]


Results and Discussion


We were concerned that the
elevated temperatures associat-
ed with the previously devel-
oped olefin metathesis proto-
cols could be detrimental to in-
ducing significant levels of
enantioexcess. As such, we in-
vestigated the rate of ring-clos-
ing metathesis of 7 and 9 at


room temperature by using catalyst 5. We found that 9
would undergo complete ring closure to afford [7]helicene
in approximately 4 h. This is in stark contrast to the forma-
tion of [5]helicene from 7, in which only traces of helicene
can be observed under identical conditions after two weeks.
While the origin of the increased rate of ring closure of 9
versus 7 are still under study, the fact that the ring-closing
metathesis reaction of 9 could be conducted at room tem-
perature with catalyst 5 implied that catalysts 1a–d would
likely be potential catalysts for the study of a kinetic resolu-
tion to form [7]helicene. Consequently, our initial investiga-
tions into a novel catalytic and enantioselective synthesis of
[7]helicene began with treating the divinyl precursor 9 with
catalyst 1a.
Upon treatment of the divinyl precursor 9 with catalyst


1a, good conversions to [7]helicene were obtained; however,
only a 6% ee was observed [Eq. (1)].


In an effort to boost the enantioselectivity of the process,
we turned to substrate modification. In ARCM reactions,
the substitution pattern of the olefins in the substrates often
plays a large role in determining the overall enantioselectivi-
ty of the process.[10a,13a] Consequently, we prepared the divin-
yl precursor 10. A significant increase in enantioselectivity


Scheme 1. Olefin metathesis as a route to [5]-, [6]- and [7]helicene.
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was observed (6!56–60% ee); however, low conversions
were obtained (11–13%). Analysis of the reaction mixture
revealed that the olefins of starting material 10 had com-
pletely isomerised to the trans configuration. All attempts to
coerce this trans isomer to undergo ring closure, which in-
cluded excessive heating in a microwave reactor, failed.[13]


In an effort to boost enantioselection and avoid problem-
atic isomerisation, we continued to study the effects of mod-
ifying the substrate structure and we prepared a series of
substituted divinyl precursors (Table 1). The propenyl deriv-


ative 11, butenyl derivative 12 or styrenyl derivative 13 af-
forded higher ee values (17–30% ee) than had been previ-
ously obtained with 9 (6% ee). Unfortunately, once again,
the level of conversion remained problematic and increasing
the reaction time had no beneficial effect. Then, we evaluat-
ed symmetric divinyl precursors, such as 14 and 15 ; however,
these substrates were not reactive. We also evaluated the
precursor 16 containing relay ring-closing metathesis side
chains.[14] While the conversions could then be improved,
the stereoselectivity of the process had once again dropped
(17–25% ee) below that obtained with substrate 10 (56–
60% ee).
Thwarted by our efforts to use substrate modification to


improve the selectivities and conversions, we next turned
our attention to the use of halide additives. When 1a is
treated with NaI in THF, an exchange of the chloride li-
gands in 1a for iodides is observed. The use of NaI, in par-
ticular, as an additive has been well documented; in desym-
metrisation reactions significant increases (>50% ee) in
enantioselectivity have been observed.[10a,b] When 9 was
treated with catalyst 1a in CH2Cl2 with either NaBr or NaI
as the additive, only minimal increases in enantioselectivity
were observed (Table 2). In addition, performing the kinetic
resolution of 10 by using 1a in CH2Cl2 in the presence of


NaI resulted in even lower levels of conversion to the de-
sired helicene and only isomerisation was observed. The re-
action of the relay side chain containing substrate 16 with
NaI as an additive also failed to produce significant increas-
es in selectivity and a noticeable drop in conversion was
once again observed.
We began to suspect that the enantiodetermining step in


the catalytic cycle may be the first metathesis sequence that
leads to the binding of the substrate to the catalyst. Hence,
we believed that the nature of the propagating carbene
would play an influential role, as is the case in asymmetric
cross metathesis (ACM) processes, in which control over un-
wanted dimerisation pathways is essential.[10c] In the kinetic
resolution of 9, a Ru–methylidene is the expected propagat-
ing species. With substrate 10, a Ru–ethylidene would be
the propagating species and would likely be responsible for
the observed isomerisation. We envisioned controlling the
nature of the propagating carbene in our kinetic resolution
to form helicenes through the addition of achiral olefins to
the reaction mixture. Following ring closure, the resulting
carbene would react primarily with the terminal olefin of
the additive instead of the sterically encumbered divinyl
substrate 9. This is in contrast to ACM, in which the carbene
is eventually incorporated into the product.
Potential olefin additives must not engage in a productive


cross-metathesis reaction with the substrate. As none of the
metathesis reactions described in Tables 1 and 2 ever pro-
duced a cross-metathesis product between the substrates,
such as 9, and the residual styrene produced from the preca-
talyst during the first catalytic cycle, styrenes emerged as po-
tential additive candidates. Vinyl cyclohexane was also se-
lected due to its steric similarity to styrene. We also investi-
gated 1-hexene and 4-methylpentene as additives, as they
would afford propagating alkylidenes structurally similar to
the ethylidene that afforded a good ee with catalyst 1a and
substrate 10 [Eq. (1)]. In addition to testing the catalyst 1a,
we also screened several new chiral Ru-based catalysts (3,


Table 1. Kinetic resolution to afford [7]helicene.[a]


Di-vinyl[a] R1 R2[b] ee [%] (conf.)[b] conv. [%][c]


9 H H 6 (P) 46
11 H Me 22 (P) 15
12 H Et 30 (P) 4
13 H Ph 17 (M) 21
14 Ph Ph – NR
15 iPr iPr – NR


16 17 (M) 53


[a] Reaction concentration [M]=0.012. [b] Enantiomeric excesses were
determined by chiral HPLC: see the Supporting Information for chroma-
tograms. [c] Determined by the 1H NMR spectrum of the crude reaction
mixture, see the Supporting Information. NR=no reaction.


Table 2. Kinetic resolution to afford [7]helicene by using halide additives.[a]


Di-vinyl Additive[b] ee [%] (conf.)[b] conv. [%][c]


9 none 6 (P) 46
NaBr 8 (P) 30
NaI 14 (P) 48


10 none 56–60 (P) 11–13
NaBr 61 (P) <5
NaI 61 (P) <5


16 NaI 22 (M) 10[d]


[a] Reaction concentration [M]=0.012. [b] Enantiomeric excesses were
determined by chiral HPLC: see the Supporting Information for chroma-
tograms. [c] Determined by the 1H NMR spectrum of the crude reaction
mixture: see the Supporting Information. [d] Reaction conducted in THF.
NR=no reaction.
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4a and 4b) developed in our group that have displayed im-
proved reactivity profiles and enantioselectivities in desym-
metrisation reactions.[15]


When 10 equivalents of 1-hexene were added to substrate
9 in the presence of catalyst 1a, a small increase in enantio-
selectivity from 6 to 12% ee was observed (Table 3). Larger


quantities of additive (>25 equiv) resulted in significantly
lower conversions and longer reaction times and lower
quantities (<5 equiv) provided little effect on the ee of the
process. By using catalyst 3 with substrate 9, the ee increased
from 7 to 35% ee when using 1-hexene as an additive. Inter-
estingly, the addition of the olefin additive resulted in the M
isomer being favored over the P isomer. When 1-hexene
was used as an additive in the kinetic resolution with cata-
lyst 4a, a 30% ee was obtained in which the product had
been obtained as a racemic mixture in the absence of addi-
tive. The greatest increase in enantioselectivity came from
using catalyst 4b, in which the ee increased from 10 to 48%
when 1-hexene was added to the reaction mixture. Upon
identifying catalyst 4b as the optimal catalyst, we screened
other additive types. The use of 4-methylpentene gave simi-
lar results as were obtained with 1-hexene. In terms of both
ee and conversion, vinylcyclohexane was observed to pro-
vide modest ee (53%) and good conversion (43%). Excess
styrene as an additive resulted in a 55% ee, but the reaction
was sluggish and only a 25% conversion was obtained after


2 h. More exotic olefin additives, such as a vinyl boronate,
were ineffective.
We also tested various styrene derivatives as additives to


probe subtle steric and electronic effects (Scheme 2). As


such, 4-methoxystyrene caused a significant inhibition of the
reaction as the conversion dropped to 9% and ee decreased
to 20%. However, replacement of the MeO group with an
electron-withdrawing CF3 group restored the high conver-
sions and pushed the ee to 56%. Interestingly, the switch in
the electronic properties caused a switch in the enantiomeric
preference: 4-methoxystyrene afforded the P enantiomer,
whereas 4-trifluoromethylstyrene preferred the M enantio-
mer. The influence of the steric properties of the additives
on the kinetic resolution was also investigated. The use of o-
methylstyrene caused the ee to decrease relative to styrene
(55!26% ee), whereas m-methylstyrene provided similar ee
values and conversions relative to styrene. We were also in-
trigued as to whether a “bidentate” additive could be ap-
plied. Unfortunately, when 9 was treated with catalyst 4b
and allyl methacrylate as an additive, the kinetic resolution
afforded low conversions (<5%).[16] We also investigated
1,2-divinylbenzene as an additive. Grubbs and co-workers
recently reported that X-ray crystal structures obtained for
the reaction of 1,2-divinylbenzene with Grubbs 2nd-genera-
tion catalyst revealed that one of the vinyl groups was
bound in a “side-on” fashion.[17] Given that a similar mode
of binding was proposed by Hoveyda for catalyst 2 with
allyl methacrylate, we investigated 1,2-divinylbenzene as an
additive. Unfortunately, the use of 1,2-divinylbenzene results
in a complete inhibition of the reaction and no RCM is ob-
served, even under forcing conditions.
The olefin additives could play two roles. The first possi-


bility is that the olefin additive acts to enable reversible
binding of the substrate to catalyst (Scheme 3A). In the ab-
sence of simple olefins in solution, once the catalyst has
bound to substrate, the reverse reaction is likely slow. The
reverse reaction would require a cross metathesis with an-
other olefin in solution, either from another molecule of the
starting material 9 or residual styrene formed from the first
catalytic cycle of the precatalyst itself.[18] Therefore, the
olefin additive may act to facilitate this reverse reaction
and, therefore, aid in the enantioselection of the catalyst.[19]


Table 3. Additive effects on kinetic resolution.[a]


Cat.[a] Additive ee [%] (conf.)[b] conv. [%][c]


1a none 6 (P) 46
1-hexene 12 (P) 30


3 none 7 (P) 55
1-hexene 35 (M) 55


4a none rac 48
1-hexene 30 (M) 54


4b none 10 (M) 50
1-hexene 48 (M) 40
vinylcyclohexane 53 (M) 43[d]


styrene 55 (M) 25
2-methylstyrene 26 (M) 45
3-methylstyrene 55 (M) 12
1,2-divinylbenzene – –
p-CF3-styrene 56 (M) 56
p-methoxysytrene 20 (P) 9
vinyl boranic acid – –
pinacolic ester – –
4-methylpentene 44 (M) 54


[a] Reactions at [M]=0.012. [b] Enantiomeric excesses were determined
by chiral HPLC: see the Supporting Information for chromatograms.
[c] Determined by the 1H NMR spectrum of the crude reaction mixture:
see the Supporting Information. [d] The starting material 5 was obtained
in 51 ee. rac= racemic.


Scheme 2. Choice of additive provides access to either stereoisomer of
[7]helicene.
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The second possible role is to alter the propagating car-
bene species in the catalytic cycle (Scheme 3B). Not only
would this likely increase the stability of the propagating
species and hence conversions, but it is also likely to exert
an influence on the ee of the overall process. This is similar
to what was observed by Hoveyda and Giudici.[4] We believe
this mechanism is likely due to the results obtained with the
electronically different styrene additives. It is obvious that
these olefins play a large role in enantioselection as modifi-
cation of the electronic characteristics of the styrene change
the preference for either the P or M isomer. In the enantio-
selective AROM/CM processes reported by Hoveyda and
Giudici enantioselection is believed to be augmented
through coordination of the ynoate or enoate moiety with
the Ru catalyst resulting in diastereomeric carbenes. In the
AROM/CM process, the ynoate or enoate groups are even-
tually incorporated in the final product. The achiral olefins
presented herein are used solely as inexpensive additives
that are not incorporated into the metathesis products.
Following the optimisation of the olefin additive, we tried


to fine-tune the enantioselectivity of the kinetic resolution
protocol by examining different solvents (Table 4). We
chose to examine the effects of aromatic solvents based
upon two key factors: It has been reported that aromatic
solvents can interact with the N-aryl groups of the N-hetero-
cyclic carbene ligands in Ru-based olefin metathesis cata-


lysts,[20] and the large p-surface of 9 could potentially inter-
act with aromatic solvents. By using catalyst 4b and switch-
ing from CH2Cl2 to benzene as the solvent produced a
modest increase in ee (53!65% ee), and a further increase
was observed when using trifluorotoluene (65% ee in
PhH!70% ee in PhCF3). The conversions also begin to de-
crease due to the lesser solubility of 9. The use of hexafluor-
obenzene allowed for the highest ee of [7]helicene achieved
to date (80% ee, 38% conv.), which was surprising since 9
appears to be sparingly soluble in C6F6. Trying to obtain a
homogeneous solution by conducting the reaction in a 1:1
mixture of CH2Cl2 and C6F6 resulted in a decrease in ee and
conversion. Despite the poor solubility, the solvent effect is
apparent even in the absence of olefin additive, as the ee ob-
tained was 33% (compared to 10% in CH2Cl2). These re-
sults suggest that the additive and solvent effects work in
tandem to afford the observed enantioselectivity. While it is
clear that the solvent plays an important role in the prepara-
tion of [7]helicene, it is unclear if this is due to interactions
with the N-aryl group of the catalyst. The N-aryl group of
catalyst 4b is highly substituted and in a sterically crowded
environment, which likely makes p–p interactions with the
solvent difficult. Considering the large p-surface of substrate
9, it is more likely that the solvent is interacting with the
substrate.


Conclusion


We have reported that the combination of simple achiral
olefins can be used as additives and hexafluorobenzene can
be used as a solvent to improve asymmetric olefin metathe-
sis reactions. As a result, hexafluorobenzene has been ap-
plied in a novel protocol for the synthesis of enantioen-
riched [7]helicene. The kinetic resolution reported herein is
noteworthy in that 1) it illustrates that control of the propa-
gating alkylidene can be an effective method for improving


Scheme 3. Possible dual role of olefin additives in the kinetic resolution
to form [7]helicene.


Table 4. Solvent effects on kinetic resolution.[a]


Substrate[a] Additive Solvent ee [%]
(conf.)[b]


conv.
[%][c]


9 vinylcyclohexane CH2Cl2 53 (M) 43
vinylcyclohexane PhH 65 (M) 32
vinylcyclohexane trifluorotoluene 70 (M) 15
vinylcyclohexane C6F6 80 (M) 38
vinylcyclohexane C6F6/CH2Cl2 60 (M) 26
none C6F6 33 (M) <5


[a] Reactions at [M]=0.012. [b] Enantiomeric excesses were determined
by chiral HPLC: see the Supporting Information for chromatograms.
[c] Determined by the 1H NMR spectrum of the crude reaction mixture,
see the Supporting Information.
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enantioselection in ARCM processes and can at times be
more effective than the use of halide additives that can
result in lower catalyst reactivity, 2) it represents a rare ex-
ample of an asymmetric and catalytic preparation of [7]hel-
icene, 3) it is the first reported application of asymmetric
olefin metathesis towards helically chiral molecules, and
4) demonstrates the importance of solvent in olefin metathe-
sis reactions. This work also highlights the effectiveness of
chiral Ru-based olefin metathesis catalysts bearing C1-sym-
metric NHC ligands. The mild reaction conditions suggest
that this method could be used for the preparation of heter-
ohelicenes for both materials and medicinal applications.
Further catalyst development, investigation of the use of
chiral olefins and solvent effects in ARCM,[19] and asymmet-
ric preparation of heterohelicenes are currently underway in
our laboratories.


Experimental Section


All experimental procedures and characterisation data for all new com-
pounds can be found in the Supporting Information. A general procedure
for the kinetic resolution to form [7]helicene by using olefin additives is
as follows: 3,3’-Divinyl-4,4’-biphenanthryl (5 ; 10 mg, 0.025 mmol), and vi-
nylcyclohexane (27 mg, 10 equiv, 0.25 mmol) were added in a glove box
to a flame-dried sealed tube and the mixture was suspended in hexafluor-
obenzene (1 mL). A stock solution of ruthenium catalyst 4b (1 mL of a
1.0 mgmL�1 solution in hexafluorobenzene, 0.05 equiv, 0.0013 mmol) was
then added, the tube is sealed, and the reaction mixture was stirred at
RT for 2 h. The reaction mixture was then filtered through a silica pad
(CH2Cl2) and the solvent was evaporated under vacuum. Conversions
were measured directly by 1H NMR spectroscopy and enantiomeric ex-
cesses were measured by chiral HPLC (ChiralCel OD (0.46 cmP25 cm):
90% hexanes, 10% iPrOH, 1 mLmin�1, 23 8C, 10 min runtime, tR=5.34
(M) and 6.57 min (P). The [7]helicene and residual 5 can also be purified
on a preparative scale by HPLC with a Chiralcel OD preparative
column.
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Introduction


With the recognition of the major impact of olefin metathe-
sis in modern organic synthesis,[1] a surge of productive re-
search efforts in ruthenium-complex design has been wit-
nessed in recent years, which is driven by the challenge to
enhance the industrial potential of Grubbs catalysts (1 and 2
Scheme 1).[2] Since the initial observation by Hoveyda[3a] and
Blechert[3b] of improved catalytic properties of 2-alkoxyben-


zylidene complex (3a), continuous efforts were spent
toward development of new catalytic systems balanced be-
tween stability and activity.[4] In this field we demonstrated
that reducing the electron-density on the chelating oxygen
atom by adding acceptor groups at the aromatic benzylidene
ring (e.g. NO2 in 3b)[4a,b] and in the alkyl ether chain[4c] fa-
cilitated the initiation step, thus improving the rate of the
metathesis reaction. The second strategy was based on the
out-of-plane distortion of the alkoxy substituent, which
weakens Ru�O coordination and is induced by steric con-
gestion with a phenyl group (3c)[4d,e] or by incorporation of
the chelating oxygen atom into the folded six-membered
cyclic structure 3d.[4f] On the other side the broad applica-


Abstract: Three naphthalene-based an-
alogues (4a–c) of the Hoveyda–Grubbs
metathesis catalyst exhibited immense
differences in reactivity. Systematic
structural and spectroscopic studies re-
vealed that the ruthenafurane ring
present in all 2-isopropoxyarylidene
chelates possesses some aromatic char-


acter, which inhibits catalyst activity.
This aromatic stabilization within the
chelate ring may be controlled by var-


iation of the polycyclic core topology
as was demonstrated for tetraline and
phenanthrene derivatives (4d,e). Gen-
eral conclusions about a new mode of
ligand-structure tuning in catalytic sys-
tems are presented.
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Scheme 1. Selected metathesis catalysts.


H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9330 – 93379330







tion profile of the metathesis reaction demands not only the
most efficient catalytic systems, for example, in polymer
chemistry slowly initiating so-called “latent catalysts” are
sought after. Accordingly substitution of an alkoxystyrene
ligand into strongly chelating nitrogen[5] and sulfur[6] conge-
ners led to complexes of diminished activity, which allow
longer handling of a monomer/catalyst mixture before the
polymerization process.
In spite of these elucidations most new useful complexes


were discovered by trial and error, as many opposing effects
superimpose in the final catalytic output. Thus further for-
mulation of the theoretical background to systematize re-
sults and promote further developments was required. In
this report we present a new structure-reactivity concept,
based on evaluation of the aromatic character of the chelate
ring, which may serve as a tool to probe subtle electronic ef-
fects in catalytic systems and shed light on the aromaticity
phenomena.


Results and Discussion


In one of our investigations of the structure-activity relation-
ships of metathesis catalysts we synthesized a simple deriva-
tive of the parent Hoveyda catalyst, the stable naphthalene-
based complex (4a, Scheme 2 and Figure 1a).


Unexpectedly, the structural modification led to complete
loss of activity toward common substrates in the initial
screening of model RCM and CM reactions. This result
seemed to be surprising as the close structural similarity
with the parent Hoveyda complex 3a could not justify this
behavior. First we assumed that some specific detail of the
structure must inhibit the ligand dissociation step. The inter-
action of the flagpole hydrogen atom of the second aromatic
ring (position 8 at naphthalene core) with the carbene
moiety or the NHC structure were considered among
others.
To solve this riddle we synthesized the remaining isomers


of the naphthalene-based catalysts for a systematic compari-
son of the effect of the aromatic ring annelated on the
parent complex 3a. Surprisingly, we observed in a prelimina-
ry screening that only one complex (4b, Figure 1b) exhibit-
ed catalytic activity comparable to the parent Hoveyda cata-
lyst, whereas two others (4a and 4c) were completely inef-
fective toward a set of model RCM substrates.


Especially unusual was the magnitude of this ligand
effect. Simple modifications of the Hoveyda complex lead
usually to changes in the catalytic activity, but none of them
could so dramatically influence this system, especially
toward deprivation of catalytic activity (usually steric con-
gestions result in diminished stability and improved catalytic
output). For a deeper understanding of these differences,
structural crystallographic studies of the presented com-
plexes were carried out. Casual analysis of structures of the
synthesized compounds confirmed general structural similar-
ities with complex 3a in ligand orientation and the charac-
teristic Ru�O bond length varied to a minor extent, in the
range of 0.05 N. This suggested that none of the known con-
cepts of the structure-activity relationship of the Grubbs–
Hoveyda type complexes could unambiguously explain the
experimental results. Consideration of simple electron-densi-
ty effects acting on the stability of the chelate predicts simi-
lar properties for catalysts 4a and 4b because both of them
are based on a 2-naphthol core. On the other hand, the
proximity of the flagpole hydrogen atom of the second-clos-
est aromatic ring to the Ru=CH group and the mesitylene
ring of the NHC ligand exerts an effect present in complex
4a only.


Scheme 2. New complexes 4a–c synthesized by a ligand exchange reac-
tion with 2.


Figure 1. X-ray crystallographic structures[7] of complexes 4a (a) and 4b
(b) represented by thermal ellipsoids drawn at the 50% probability level.
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Benzylidene ruthenium complexes belong to the class of
the carbene complexes of moderate electron density. Reac-
tion with ethyl vinyl ether may transform them into elec-
tron-rich Fischer-type carbene complexes of substantially di-
minished activity (the property used sometimes for quench-
ing metathesis reactions).[8] In fact the parent Hoveyda–
Grubbs catalyst, on the basis of the so-called vinylology con-
cept,[9] can be classified as a Fischer-type complex, in which
the isopropoxy group functions as a mesomeric donor for a
through-bond p-conjugation with the carbene moiety. One
of the arguments toward this interpretation is the planar
configuration of the chelating oxygen atom, which ensures
sp2 hybridization and conjugation with the aromatic ring
(Scheme 3, left).


The structure of naphthalene exhibits substantial bond al-
ternation,[11] which is generally attributed to differences in
bond orders and manifestly lower aromatic stabilization
(calculated per one ring) as compared with the ideal hexag-
onal aromatic prototype, benzene. Partial double-bond char-
acter of C1�C2 and single-bond character of C2�C3 (num-
bered for the naphthalene core) led us to assume that only
structures built on the C1�C2 side of naphthalene (4a, 4c)
are able to establish efficient conjugation within the chelate
ring. On the other side, 4b resembles the parent Hoveyda
complex 3a, in which the aromatic stabilization (ring cur-
rent) of the substituted benzene reduces this conjugation.[12]


We supposed that except for some minor random effects dis-
played in these structures, the main structural difference be-
tween naphthalene isomers is the propensity to conduct
electronic p density, which affects the conjugation between
�OR and Ru=CH groups. This conjugation of the substitu-
ents increases the electron density at the ruthenium center
and reduces the rate of the reaction with olefinic substrates.
In subsequent studies we compared the spectral data (1H


and 13C NMR spectra) of compounds 4a–c as a probe of
their electronic properties. Taking the NMR data of 3a as a
point of reference we observed that both inactive catalysts
(4a, 4c) exhibited a substantial deshielding effect (ca.
+1.6 ppm) at the alkylidene hydrogen atom and a slight
shielding effect for the alkylidene carbon nucleus (ca.
�6.5 ppm). In fact p-donor heteroatoms of Fischer-type car-
benes cause a shielding effect on the alkylidene proton[13]


compared with unsubstituted complexes and cannot justify
the opposite trend observed for complexes 4a and 4c. The
magnitude of the differences in the NMR chemical shifts for
the proton located at the conjugated chelate ring seemed to


not be accidental and pointed our attention towards subtle
effects arising from the topology of electron distribution at
the naphthalene core.
The electronic properties of polyaromatic hydrocarbons


(PAHs) are the matter of continuous theoretical and syn-
thetic studies.[14] In this area a simple graph-topology driven
concept (the Clar rule)[15,16c] allows a qualitative evaluation
of their stability. The more aromatic (Clar) sextets that can
be written for an investigated structure, the greater the pre-
dicted stability. On the basis of this theory, angular PAHs
(phenanthrene, chrysene, picene, etc.) differ from linear
ones (anthracene, naphthacene, pentacene, etc.) in a way
that is related to the number of aromatic sextets per total
number of rings.[15,17] Not only simple aromatic benzene
rings can be regarded as building blocks for these systems.
The resonance-assisted hydrogen-bonding concept, intro-
duced by Gilli,[18] extended this methodology to other cyclic
structures, such as, benzoannelated b-ketoenolates, in which
hydrogen bonding between hydroxy and carbonyl groups
constitutes a novel pseudoaromatic ring within the polycyc-
lic structure. Recently, such a conjugation effect for systems
of various topologies was investigated theoretically.[16] Ac-
cordingly, both hydrogen and lithium bonds in chelate rings
fill the criteria for resonance stabilization, the latter even
more efficiently, probably due to better orbital overlap.[16c]


These studies also confirmed the substantial differences be-
tween linear and bent polyarenes and qualitatively support-
ed our presumptions.
In fact, the conjugation effect in the investigated ruthenium


chelates may be generalized as a cyclic ring current with
some aromatic character. Namely, the electronic properties of
naphthalene-based catalysts 4a–c may resemble structures of
higher (tricyclic) all-carbon analogues, phenanthrene and an-
thracene (considering extension of the structure by a chelate
ring) and inherit the differences of their aromatic properties.
In this respect the concept of metalloaromaticity[19] intro-
duced by Calvin and Wilson in 1945[20] is richly evoked to
explain the properties of organometallic compounds in
terms of their stability, reactivity and structure. Numerous
studies were conducted in this field for example, synthesis of
classes of iridacycles,[19b,c] ferrabenzenes,[21] ruthenaben-
zenes,[22] molybdafuranes,[23] as well as simple acac[24] and dii-
mine complexes.[19d] At this moment we realized that aro-
matic stabilization of the chelate may be responsible for the
unexpected lack of reactivity of complexes 4a and 4c, which
operate at the initiation step (stabilizes the chelate for the
dissociation[20,25] or retards the reaction with the olefin in an
associative[26] mechanism) and may justify the pronounced
“on/off” effect in the catalytic activity as amplifying small
energetic differences by the kinetic pattern of the precata-
lyst activation process.
To prove this concept we evaluated the general criteria of


aromaticity present in the literature:[27,28] structural (bond
equalization) and magnetic (diamagnetic ring current inves-
tigated by NMR), and compared them with the energetic
one (based on resonance stabilization), which was attributed
to the activity pattern. The results are presented in Table 1.


Scheme 3. Electronic character of the ruthenium complex 3a.[10]
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In spectroscopic studies, the strong deshielding effect
present in complexes 4a and 4c was perfectly consistent
with the diamagnetic ring current observed in all aromatic
systems, giving reliable proof for the formulated concept.
Next, the harmonic oscillator model of aromaticity
(HOMA)[29] was applied for the analysis of X-ray structures.
This evaluation technique is based on parametrization of the
degree of bond-length alternation giving numerical values
close to 1 (for highly aromatic symmetrical structures with
equal C�C distances) and 0 (for hypothetical cyclic polyenes
with alternating single and double bonds). Our analysis was
limited to evaluation of local aromaticity of adjacent all-
carbon rings as no parametrization was accessible for Ru=
CH and O�Ru bonds.[30] The obtained results were consis-
tent with expectations based on simple analysis of aromatic
ring distribution based on Clar rule considerations[15,17a] with
chelate ring-expanding polycyclic character of the ligand
core (middle ring of reduced aromaticity for structure 4a
and highly aromatic for complex 4b, see Scheme 4). Howev-
er, these changes were minor, probably due to the generally
low magnitude of aromatic stabilization of a ruthenacycle,
as compared to other aromatic systems.[31]


For the purpose of a decisive proof of a topology-based
reactivity profile of complexes 4a–c we decided to apply the
very subtle effects that govern the electronic structure of
polyaromatic systems in order to restore the catalytic activi-
ty of inactive complex 4a. A partially saturated analogue of
4a, based on the tetraline core (4d), and phenanthrene de-
rivative 4e were synthesized. We expected that both modifi-
cations would reduce the conjugation of the metallocycle
and restore the catalytic activity of the complexes
(Scheme 5).
Saturation of the distal aromatic ring gave complex 4d,


which was designed to have similar electronic properties to
the parent Hoveyda complex 3a, with a single aromatic
ring. At the same time the change of geometry was only
minor, leaving possible steric hindrance between the alkyli-
dene group and the mesitylene ring of the NHC ligand rela-
tively intact. In the second investigated structure we chose a


modification far from the coordination sphere of the ruthe-
nium ion (Scheme 5 and Figure 2), as presumably meaning-
less in the sense of current mechanistic concepts of reactivi-
ty.
By analogy between the investigated naphthalene-based


catalysts with the corresponding polyaromatics of similar
topological structure (anthracene and phenanthrene,
Scheme 4) the ligand of 4a was expanded by the next aro-
matic ring, leading to the metalla-analogue of chrysene 4e.
Once again, simple considerations suggested that this modi-
fication should, at least partially, restore the catalytic activi-
ty[16c] due to possible inversion of the aromatic sextet distri-


Table 1. Selected parameters of complexes 3a,b and 4a–e applied for
evaluation of the aromatic character of a chelate ring.


Complex Activity
at 0 8C[a]


d(1H)
ACHTUNGTRENNUNG[ppm][b]


HOMA[c] Clar prediction[d]


3a active 16.56 0.983 nonconjugated
4a[e] inactive[f] 18.15 0.877 conjugated
4b active 16.75 0.952 nonconjugated
4c[e] inactive[f] 18.19 n. d.[g] conjugated
4d active 16.39 0.985 nonconjugated
4e[e] inactive[h] 18.36 0.910 partially conjugated
3b active 16.47 0.968/0.983[i] nonconjugated


[a] Precise data are presented in Figure 3. [b] Signal of benzylidene
proton measured in CDCl3. [c] Calculated for the homocarbon aromatic
ring adjacent to the chelate according to the ref. [29]. [d] The character
of the chelate is based on analogy with polyaromatic hydrocarbons (see
the text below). [e] System with strongly conjugated chelate. [f] Active at
110 8C. [g] We failed to obtain good quality crystals suitable for X-ray
measurements. [h] Active at 80 8C. [i] Two molecules present in the crys-
tal structure.


Scheme 4. Structural analogies[32] of complexes 4a–c. Metallacycles (left)
mimic electron distribution of polycyclic hydrocarbons—phenanthrene
and anthracene (right). According to the Clar rule substantial aromatic
character of the chelate is predicted for complexes 4a and 4c. For 4b
three possible structures contribute and the symmetrical one is slightly
favored.[15, 17a]


Scheme 5. Structural changes were applied to restore catalytic activity
similar to that of complex 4a. A saturated ring was introduced to give
tetraline derivative 4d (top) and the extended polyaromatic system of
phenanthrene derivative 4e was employed (bottom, see text for details).
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bution within the polyaromatic core according to the Clar
rule.[15]


The results of systematic activity studies performed on a
model RCM reaction of N,N-diallyltosylamine with 1 mol%
of the catalyst are presented in Figure 3.
Initial screening at 0 8C (Figure 3, top) demonstrated simi-


lar catalytic performance for complexes 3a and 4b as inter-
mediate between highly-active nitro catalyst 3b and tetra-
line derivative 4d of slightly diminished output. Under these
conditions complexes 4a, 4c, and 4e were completely inert
and the product of an RCM reaction was not detected in re-
action mixtures. For more precise differentiation, analogous
reactions were performed at 80 8C in dichloroethane
(Figure 3, bottom). Under these conditions the activity of
complexes 4a and 4c was still negligible (<5% conversion),
whereas the “restored activity” complex 4e reacted much
more efficiently, consistent with our expectations.
Finally, we set out to initiate inert complexes 4a and 4c


under more vigorous conditions to demonstrate the scope of


their application as latent systems and to evaluate the
strength of the ligand effect, which controls precatalyst acti-
vation and release of active catalytic species. In refluxed tol-
uene (110 8C) both complexes showed similar activity, lead-
ing to the RCM product of diethyl diallylmalonate in ap-
proximately 45% conversion (ca. 60% for 2.5 mol% of cat-
alyst, Figure 4). After the fast initiation step, reaction prog-
ress was stopped within 4–6 h, which can be attributed to
catalyst decomposition at elevated temperature.


Figure 2. X-ray crystallographic structure[7] of complexes 4d (a) and 4e
(b) represented by thermal ellipsoids drawn at the 50% probability level.
The isopropoxy group in 4e exhibits disorder in the crystal lattice.


Figure 3. Activity profiles of complexes 3b (^), 4b (&), 3a (~), 4d (*) in
RCM reactions of N,N-diallyltosylamine at 0 8C (top) and 3a (^), 4e (&),
and 4a and 4c (~) at 80 8C (bottom).


Figure 4. Activity profiles of complexes 4a (~) and 4c (&) at 2.5 mol%
catalyst loading, and 4a (^) and 4c (&) at 1 mol% catalyst loading in
RCM reactions of diethyl diallylmalonate at 110 8C.
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According to the presented concept and the expected in-
ductive[4a–c] and steric[4d–f] modes of catalyst activation, a
third novel mode, aromatic conjugation of a chelate, can be
varied in a continuous way, as the aromatic stabilization
may differ for aromatic systems of diverse topologies.


Conclusion


The presented results demonstrate that simple qualitative
analysis of conjugated cyclic structures with ClarQs rule may
help explain and serve as a tool for fine-tuning the ligand ef-
fects in the design of novel catalytic systems. As many con-
jugated ligands, such as, ketoenolates,[22] Schiff bases,[10,33]


salens,[34] and diiminopyridines[35] have numerous practical
applications, the precise mechanism of their action is still a
matter of discussion. In the presented model, bond order al-
ternation in the naphthalene moiety enables the manipula-
tion of conjugation within the chelate ring,[20,25] whereas
other structural parameters remain almost intact. In the
design of Hoveyda–Grubbs type metathesis catalysts this
idea reveals that the isopropoxy group functions not only as
a simple chelating arm, but is an inherent part of the conju-
gated ring influenced by the p-electrons of the ligand. De-
pending on the topology of the ligand core this effect may
be controlled in a broad range from minor to substantial, in
which the aromatic character of the chelate inhibits the ini-
tiation step and decreases the catalytic activity of the car-
bene complex. Application of metathesis technology justifies
development of systems of any type, the pharmaceutical and
fine-chemical industries ideally require highly active cata-
lysts in ppm amounts and at low temperatures,[1e] whereas
dormant catalysts with retarded initiation are useful in
metathesis polymerization processes.[5] As both types of
metathesis catalysts find important practical applications,
the concept formulated herein can be of practical impor-
tance since it delivers a better understanding of the mode of
action of the complexes[36] and can lead to new ruthenium
chelates of tailored activity.


Experimental Section


General methods : For a detailed description of the experimental meth-
ods and instruments used, see Supporting Information. CCDC-698596
(3b), CCDC-698342 (4a), CCDC-698343 (4b), CCDC-698344 (4d), and
CCDC-698345 (4e) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.


Representative procedure for the synthesis of catalysts 4a–e : (Unopti-
mized for specific cases with polycyclic ligands). 2-Isopropoxy-1-vinyl-
naphthalene (0.051 g; 0.24 mmol), CuCl (0.024 g; 0.24 mmol), and
CH2Cl2 (15 mL) were placed in a Schlenk flask. Afterwards, Grubbs
second-generation carbene complex (0.170 g; 0.20 mmol) was added and
the resulting solution was stirred under argon at 40 8C for 30 min. From
this point on, all manipulations were carried out in air with reagent-grade
solvents. The reaction mixture was concentrated under vacuum and the
resulting material was dissolved in ethyl acetate (ca. 10 mL), a white


solid was filtered off and the filtrate was concentrated under vacuum.
The product was purified by column chromatography. Elution with cyclo-
hexane, then cyclohexane/ethyl acetate (1:1) removed 4a as a light green
band. The solvent was evaporated and the product was dissolved in a
small amount of CH2Cl2, then methanol was added until green crystals
precipitated. The precipitate was filtered off, washed with methanol and
dried in vacuo to afford complex 4a (0.030 g, 22%) as a light green solid.


Kinetic studies of complexes 4a–e


At 0 8C : Two sets of RCM reactions were used as a test to compare the
activity of the catalysts: cyclization of N,N-diallyltosylamine and N,N-
di(3-buten-1-yl)tosylamine in CH2Cl2 at 0 8C. Typically 1 mol% of the
catalyst (0.004 mmol) was added to a solution of substrate (0.350 mmol)
and an internal standard in CH2Cl2 (17.5 mL) at 0 8C. The reaction was
run at 0 8C under argon and samples were taken after 5, 10, 20, 30, 45,
and 60 min and 2, 4, and 6 h, and were analyzed by GC.


At 80 8C : Two sets of RCM reactions were used as a test to compare the
activity of catalysts: cyclization of N,N-diallyltosylamine in C2H4Cl2 and
in toluene at 80 8C. Typically 1 mol% of the catalyst (0.004 mmol) was
added to a solution of substrate (0.350 mmol) and an internal standard in
17.5 mL of solvent at 80 8C. The reaction was run at 80 8C under argon
and samples were taken after 1, 2, 3, 4, 5, and 6 h, and were analyzed by
GC.


At 110 8C : Typically 1 mol% of the catalyst (0.004 mmol, 2.4 mg) was
added to the solution of substrate (diethyl diallylmalonate) (0.350 mmol)
and an internal standard in toluene (17.5 mL) at room temperature. The
reaction was run at 110 8C under an argon atmosphere for 6 h and sam-
ples were taken for GC after: 15 and 30 min and 1, 2, 3, 4, 5, and 6 h.
The same procedure was applied for 2.5 mol% of the catalysts
(0.180 mmol substrate scale).
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An Enolisable Barbiturate with Adjustable Hydrogen-Bonding Structure for
UV/Vis Detection of Nucleic Acid Bases and Related Compounds


Ina Bolz and Stefan Spange*[a]


Introduction


For the sequence-specific detection of molecular species
such as Watson–Crick base pairs, enzyme–substrate com-
plexes or antibody–antigen complexes, synthetic models are
still not able to copy nature.[1] For analytical processes,
therefore, adjustable model compounds through which we
can achieve an improved understanding of noncovalent in-
teractions are still being sought. In order, for example, to
differentiate between multiple hydrogen bonds, an elegant
and simple way would be to prepare UV/Vis probe mole-
cules in which an incorporated push–pull system would be
altered by the electronic effect of complex formation, so
that an altered chromophoric system would be induced.[2–4]


For analytical applications an enhancement of the UV/Vis


signal is desirable, as in the case of the so-called off–on fluo-
rophores.[5]


We therefore set ourselves the task of developing an ad-
justable probe molecule, complexation of which with nucleic
acid bases or similar compounds would produce a differenti-
ated UV/Vis signal, depending on the hydrogen-bonding se-
quence (Scheme 1).


In the creation of new sensor molecules it should be
noted that supramolecular complex formation based on de-
solvation effects is often entropy-controlled. An important
prerequisite is therefore that, on complexation with the re-
ceptor, the probe molecule should make a contribution to
the binding energy (DRH) larger than that obtainable
through desolvation of both the receptor and the probe mol-
ecule.[6] Furthermore, it is known that the stability of a hy-
drogen-bonded complex can be raised and also lowered sig-
nificantly by the polarisation of hydrogen-bonding atoms.[7]


Certain merocyanine dyes contain the barbituric acid
moiety as an electron-withdrawing substituent showing a
DAD molecular recognition sequence (D: hydrogen bond
donor, A: hydrogen bond acceptor) related to those of the
nucleic acid bases. On complex formation with melamine
derivatives or Hamilton receptors, which have an ADA se-
quence, only small UV/Vis shifts have been found,[8–10] and


Abstract: The use of hydrogen-bonding
patterns in the same way as is known
from DNA building blocks is a chal-
lenge for the construction of novel
types of suitable chromophoric probes.
This feature has been utilised for the
construction of a novel type of UV/Vis
probe for detection of supramolecular
AAD or DAD sequences (A=hydro-
gen bond acceptor, D=hydrogen bond
donor). Here we report on the struc-
ture of the enolisable chromophore 1-
n-butyl-5-(4-nitrophenyl)barbituric acid
(1), which has an adjustable hydrogen-
bonding pattern. The position of the


keto–enol equilibrium of this dye is
strongly influenced both by the solvent
polarity and by the chemical environ-
ment. Furthermore, the recognition
properties of the barbiturate were ex-
amined by the use of seven artificial re-
ceptors: the pyridine bases 2,6-diami-
nopyridine (DAP), 2,6-diacetamidopyr-
idine (DAC) and 2,6-bis(trifluoroaceta-


mido)pyridine (TFA), as well as the
nucleic acid bases 9-ethyladenine
(EtAd), 9-ethylguanine (EtGu), 1-n-
butylcytosine (BuCy) and 1-n-butylthy-
mine (BuTy). It was found that 1 can
interact with these bases either through
acid–base interaction or by hydrogen-
bonding complexation. The balance be-
tween the interactions is dependent
both on the basicity strength and on
the presence of a suitable recognition
sequence in the base. The induced for-
mation of the enol form of 1 thus
causes a significant UV/Vis shift as
function of the nature of the base.
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nothing has been reported on the detection of nucleic acid
bases.


We considered that on complex formation with bases a
push–pull substituted p system would be induced in the
probe molecule. The targeted adjustable properties require
the presence of a (�M)-activated enol.[11] These conditions
are fulfilled by the chromophore 1-n-butyl-5-(4-nitrophe-
nyl)barbituric acid (1), which must show a total acid or base
strength significantly different from that of the molecule to
be detected or the solvent. As a result of the single N-sub-
stituent, there is only one adjustable hydrogen-bonding se-
quence in 1, while the n-butyl group also serves as the solu-
bility-enhancing substituent. Whether a positively (acidic) or
negatively (basic) hydrogen-bonding sequence is present has
been investigated by use of LSE (linear solvation energy)
relationships with the aid of the well-known simplified
Kamlet–Taft equation [Eq. (1)], in which the coefficients of
the individual interaction contributions are determined by
multiple correlation analysis.[12,13]


~nmax ¼ ~nmax,0þaaþbbþsp* ð1Þ


The overall polarity of a solvent is described by the effects
of the hydrogen-bonding acidity (a), the hydrogen-bonding
basicity (b) and the dipolarity/polarisability (p*) on the
solute.


Besides investigations of the solvatochromism and acidity
of 1 in pure organic solvents and room-temperature ionic
liquids, (RTILs), we also present others relating to the inter-
action of 1 with seven structurally different receptors. Pyri-
dine derivatives—2,6-diaminopyridine (DAP), 2,6-diaceta-
midopyridine (DAC) and 2,6-bis(trifluoroacetamido)pyri-
dine (TFA, Scheme 2)—allow a systematic investigation of
the effects of the acidity of the complex-forming partner on
the electronic structure of the chromophoric p system of 1
in solution, because of their different amide substitution pat-
terns. Furthermore, complexation with four synthetic nucleic
acid bases capable of entering into Watson–Crick base pair-
ing—9-ethyladenine (EtAd), 9-ethylguanine (EtGu), 1-n-bu-


tylcytosine (BuCy) and 1-n-butylthymine (BuTy)—have also
been studied.


The prototypic tautomerism of the dye allows, in princi-
ple, the molecules to adapt to DDA and ADA bonding se-
quences (cf. Scheme 1). It should thus be possible to deter-
mine whether only one tautomeric form is stabilised, de-
pending on the structure and the polarity of the receptor.
Furthermore, 1 can also act as a Brønsted acid, if the base
strength of the complex-forming partner is appropriate.


Results and Discussion


Acidochromic and solvatochromic properties : The pKA


value of 1 was determined by a pH-dependent UV/Vis titra-
tion in water by application of the Henderson–Hasselbalch
method.[14] Two pKA values of 1.93 and 12.75 were deter-
mined. From the molecular structure of 1, two proton-trans-
fer reactions could be formulated (Scheme 3). The (+)-M


effect of the enol oxygen of 1 is strengthened by deprotona-
tion and the mesomeric stabilisation of the enolate anion by
the nitrophenyl substituent, resulting in a lower pKA value
for the barbiturate 1 than for barbituric acid (pKA 4.02 in
H2O) or 5-phenylbarbituric acid (pKA 2.54 in H2O).[15a] The
acidity of the NH proton is caused by the delocalisation of
the charge over the barbituric acid function, which is


Scheme 2. Receptors employed and their hydrogen-bonding sequences
(D: hydrogen bond donor, A: hydrogen bond acceptor).


Scheme 3. Protonation–deprotonation equilibrium of 1, its isosbestic
points (IP) and the measured pKA values.


Scheme 1. Hydrogen-bonding sequences (D: H-donor, A: H-acceptor) of
the keto and enol tautomers of 1-n-butyl-5-(4-nitrophenyl)barbituric acid
(1).
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strengthened by the electron-withdrawing NO2 substituent.
In the literature, comparable dianionic species and their sta-
bilisation have been discussed in a large number of investi-
gations, with the pKA values found lying between 12.5 (bar-
bituric acid) and 13.5 (5-tert-butylbarbituric acid).[15b–f]


The 1H NMR and UV/Vis spectroscopic structure deter-
mination of the barbiturate 1 confirm its existence in its
keto form in nonpolar solvents. In protic solvents such as
methanol, on the other hand, the enol form is predominant
and can aggregate, depending on the concentration. Neither
these higher associated forms nor the keto form show any
significant solvatochromism. In strongly hydrogen-bonding
acceptor (HBA) and electron pair donor (EPD) solvents
such as DMSO or DMF, the UV/Vis maxima of the mono-
meric enol form are observed exclusively. Through HBA
solvation the enol oxygen experiences negative polarisation,
through which the electron-donating properties of the barbi-
turic acid unit are strengthened. This solvent effect has been
described in terms of the basicity [b value in Eq. (1)], so
that for the position of the keto–enol equilibrium to favour
the enol, higher b and p* values of the solvent are impor-
tant. This effect of the polarity of the surrounding solvent is
exemplified in the following 1H NMR experiment with deu-
terodichloromethane (CD2Cl2, low b, high p* value) and the
ionic liquid 1-hexyl-3-methylimidazolium chloride ([C6-
mim]+Cl�).[16] The RTIL used has a high b value, while the
a and p* parameters are similar to those of CD2Cl2.
Figure 1 shows the 1H NMR spectrum of the chromophore 1
in CD2Cl2, which only shows signals of the keto form.
Through addition of [C6-mim]+Cl� the basicity of the sol-
vent surrounding 1 is significantly raised, and as a result the
enol form is increasingly stabilised. With a two-molar excess
of [C6-mim]+Cl�, based on 1 at 22�1 8C, only the 1H NMR
resonances of the enol form are detectable.


The question now arises as to whether and how the
(+M)-barbituric acid unit has an effect on the chromophoric
p electron system through interaction with the surroundings
of the molecule and of how far dipole–dipole and/or hydro-
gen-bonding and acid–base interactions play a role.


In order to separate the individual solvation effects the
chromophore 1 was examined in 29 organic solvents, with
the UV/Vis absorption maxima in 22 solvents being correlat-
ed with the Kamlet–Taft parameters corresponding to Equa-
tion (2), below. For the reasons discussed above, only the
UV/Vis maxima of the solvatochromic, monomeric enol
form, measured at high dilution, are included in the correla-
tion analysis.


Figure 2 shows selected UV/Vis spectra of 1 in six organic
solvents and three 1-hexyl-3-methylimidazolium salts ([C6-
mim]+). Table 1 shows the ñmax values and polarity parame-


ters of the characteristic solvents listed in Figure 2. For the
RTILs used the b value is fixed by the anion used (Cl�, Br�


and BF4
�), while the a und p* values in these three solvents


are practically of the same order of magnitude. The polarity
parameters of the RTILs determined by an improved
method[16] are incorporated into the correlation equation.
The data for the complete correlation analysis can be found
in the Supporting Information.


The solvatochromic range (Dñ) on moving from 2,2,2-tri-
fluoroethanol (TFE, high a value) to N,N,N’,N’-tetramethyl-
urea (TMU, high b value) is 5232 cm�1, which indicates a
strongly positive solvatochromic effect. However, the clas-
sification of this class of compound by the established terms
of positive or negative solvatochromism, based only on the
dipolarity of the solvents, makes less sense here. In compari-
son with the small magnitude of the conjugated systems, the
solvatochromic range determined is, however, enormous
and indicates a pronounced push–pull system.[13b] This is a
good conceptually targeted result for the expected measur-
able interaction with complementary bases.


Equation (2) shows the result of the multiple correlation
analysis.


Figure 1. Shift of the keto–enol equilibrium (simplified), based on a
1H NMR titration of 1 (5.45K10�3 molL�1) in CD2Cl2 with increasing
concentration of [C6-mim]+Cl�, with the protons of the keto form
marked.


Figure 2. UV/Vis spectra of 1 in six solvents of different polarities and in
three room-temperature ionic liquids.
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~nmax ½10�3 cm�1� ¼ 25:9þ2:41a�1:89b�3:26p*


n ¼ 25; r ¼ 0:95; SD ¼ 0:47; F < 0:0001
ð2Þ


The complex solvatochromism of the enol form is deter-
mined by the acidity (a), the basicity (b) and the dipolarity
and polarisation effects (p*) of the solvent.


The strongly negative coefficient s for the p* value shows
that the excited state of the enol form, which has a higher
dipole moment than the ground state, experiences stronger
solvation than the ground state. The strong influence of the
a term on the hypsochromic shift represents the interaction
of a protic solvent, which can interact with the free electron
pairs of the oxygen atoms of the barbiturate both as an
HBD and as an EPA. The effect of the b term on the batho-
chromic shift shows that the HBA solvation plays an impor-
tant role in the negative polarisation of the enol oxygen. In
particular, the bathochromic shift, measured in the chloride
of [C6-mim]+ , as a comparison with the tetrafluoroborate,
underlines the dominance of this interaction. This is particu-
larly important with regard to the conception of the hoped-
for result, as the complexation with complementary bases
should result in analogous effects.


Acid–base behaviour: 2,6-Diaminopyridine (DAP) repre-
sents the ideal model compound for more precise study of
the balance between salt formation and complexation. In
supramolecular chemistry, DAP derivatives have proved to
be useful receptors for the nucleic acid bases and structural-
ly related compounds.[17] DAP possesses a hydrogen-bond-
ing sequence complementary both to the keto form and to
the enol2 structure of 1 (cf. Scheme 1). Furthermore,
proton-transfer reactions of Brønsted acids in the presence
of DAP have been intensively investigated.[18] The pKA


value of DAP has been reported to be 6.00 in water and
14.77 in acetonitrile.[19]


In a UV/Vis experiment, 1 was titrated in equimolar steps
with DAP in CH2Cl2 (Figure 3). With increasing DAP con-
centration, an increase in the absorbance and a smaller
bathochromic shift of 4 nm was observed. The 1:1 stoichiom-


etry could be determined by UV/Vis spectroscopy by JobNs
method,[14] which indicates the formation of the salt
(1�+DAP-H+). The absence of an isosbestic point and a fur-
ther intensification of the UV/Vis absorption band after 1:1
stoichiometry has been reached shows the overlap of the
acid–base reaction with complex formation through hydro-
gen bonding.[20]


The competing equilibrium reactions are shown in
Scheme 4. In particular, interactions of the enolate anion of
1 with itself (self-aggregation) or with DAP (complexation)
make the interpretation of the structure more difficult.


A further indication of the consecutive proton-transfer re-
action and complexation was derived from control experi-
ments with DAC and TFA. Because of the amide substitu-
tion, both receptors are less basic than DAP, so acid–base
reactions do not play a role. Under analogous conditions,
there is therefore no change in the UV/Vis spectrum of 1 on
addition of DAC or TFA (see Supporting Information). A
further study of the aggregate of 1 with DAP by 1H NMR
spectroscopy was not possible in CD2Cl2, as a CD2Cl2-insolu-
ble product precipitated in the required concentration
range, even with the smallest traces of DAP. Further investi-
gations were therefore carried out in deutero-dimethylsulf-
oxide ([D6]DMSO), an aprotic solvent that also favours
proton-transfer reactions.[6b,17d,21] With increasing DAP con-
centration, signal broadening of the NH+ proton and a
downfield shift of the NH proton of the enolate anion 1�


were observed, which indicates the presence of a hydrogen-
bonding complex (1�+DAP). Self-aggregation as shown in
Scheme 4 can, however, be ruled out.[22] The nonlinear re-
gression curve for 1:1 complexation (1�+DAP) gave an as-
sociation constant of KA=2.7�0.4m


�1 (Figure 4). Unfortu-
nately, there are very few descriptions of complex formation
with DMSO in the literature. Thus, for example, for the
complexation of different ruthenium(II) bipyridine barbitu-
rates with a 2,6-diaminopyridine derivative, values of 10–


Table 1. UV/Vis absorption maxima (ñmax) of 1 in representative solvents
and ionic liquids, the empirical polarity parameters a, b, and p*, and the
calculated solvatochromic range.[12a,b, 16]


Solvent a b p* ñmax


tetrahydrofuran 0.00 0.55 0.58 23.0
DMSO[a] 0.00 0.69 0.88 21.5
TMU[b] 0.00 0.76 1.00 21.3[d]


dichloromethane 0.13 0.10 0.82 22.8
formamide 0.71 0.48 0.97 23.7
methanol 0.98 0.66 0.60 25.1
TFE[c] 1.49 0.00 0.73 26.5[e]


ACHTUNGTRENNUNG[C6-mim]+BF4
� 0.44 0.60 0.96 22.6


ACHTUNGTRENNUNG[C6-mim]+Br� 0.35 0.88 1.06 21.9
ACHTUNGTRENNUNG[C6-mim]+Cl� 0.30 0.97 1.06 21.6
Dl [nm] 93
Dñ [cm�1] 5232


[a] Dimethyl sulfoxide. [b] Tetramethylurea. [c] 2,2,2-Trifluoroethanol.
[d] Largest bathochromic shift. [e] Largest hypsochromic shift.


Figure 3. UV/Vis absorption spectra of 1 (0.13K10�3 molL�1, dotted line)
in the presence of 2,6-diaminopyridine (DAP, 0.01–0.26K10�3 molL�1) in
dichloromethane, together with a plot of the absorbance (at 411 nm)
against the concentration of DAP.
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170m
�1 have been reported. In this case, however, there are


aggregates stabilised by six hydrogen bonds.[23] For the for-
mation of the cytidine-guanosine three-hydrogen-bond com-
plex in DMSO, a value of KA=3.7�0.6m


�1 has been report-
ed.[24] The value of KA=2.7�0.4m


�1 determined for the
binding pair (1�+DAP) thus indicates that strong complexa-
tion involving three hydrogen bonds has occurred.


Supramolecular complex formation : In the following section
the shifts in the keto–enol equilibrium of 1 induced by com-
plex formation with the receptors DAC, TFA, EtGu, BuTy,
EtAd and BuCy are described. The keto and enol2 forms
feature a complementary sequence involving three hydrogen
bonds to DAC and TFA, while BuCy has a structure com-
plementary to the enol1 (see Figure 7, below) form. On the
basis of their geometries, the receptors BuTy, EtAd and
EtGu each have a DA sequence complementary to all tauto-
meric forms of 1.


The 1H NMR titrations of 1 with the receptors shown in
Figures 5 and 6 (below) were performed in CD2Cl2, in which
pure 1 exists in the keto form.[25] However, it was not possi-
ble to investigate the interactions with EtGu by NMR spec-
troscopy because of the insolubility of the receptor.


From Figure 5 it can be seen that the NH proton of the
keto form is shifted downfield with increasing concentration
of BuTy or TFA, which indicates participation in hydrogen
bonding. The nonlinear regression curve[14] gave an associa-
tion constant (KA) of 36�4m


�1 for complex formation of
keto-1 with BuTy, which confirms the presence of a doubly
H-bonded complex. The triply hydrogen-bonded complex
keto-1+TFA has an unexpectedly low KA of 14�4m


�1, due
to an unfavourable electronic effect of the trifluoroacetami-
do function.[17c] The titration with DAC shows that the posi-
tion of the keto–enol equilibrium is moved more to the side
of the enol form with increasing concentration of the recep-
tor, as is demonstrated by the broadening of the aromatic
proton signal as well as that of the methine protons
(Figure 5). At higher concentrations, as well as in the solid
state, only the resonances of the complexed enol form of
1+DAC were found.[11c] Figure 6 shows the shift of the keto–
enol equilibrium of 1 induced by BuCy ; at a stoichiometry
of 1:1, compound 1 exists completely in the enol form.
During the titration of 1 with EtAd with up to 0.3 equiva-
lents of the receptor significant broadening of the methine
proton and aromatic resonances is observed. At higher
EtAd concentrations an insoluble adduct is precipitated
from CD2Cl2; according to quantitative elemental analysis it
has a 1:1 stoichiometry.


The desired conceptual application of the chromophore 1
as a hydrogen-bond-sensitive UV/Vis sensor is addressed in
more detail in the following UV/Vis titrations (Figure 7).
Here the concentration of 1 was kept constant, and the
effect of the presence of different numbers of equivalents
(1–100) of the corresponding receptor was observed. Be-
cause of the poor solubilities of BuCy, EtAd and EtGu, a
solvent mixture of dichloromethane and methanol (MeOH)
in the ratio of 1.00:0.04 was used throughout.[26] The position


Scheme 4. Possible acid–base and complex formation interactions of 1
and DAP.


Figure 4. 1H NMR titration of 1 with DAP in [D6]DMSO. The formation
of the diaminopyridinium cation confirms the formation of the salt
1�+DAP-H+, while the downfield shift of the marked NH proton of the
enolate anion with increased DAP concentration indicates the formation
of the complex 1�+DAP.
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of the UV/Vis shift of 1 is not influenced by complex forma-
tion with MeOH, as was shown by UV/Vis control experi-


ments in pure CH2Cl2 (see Supporting Information). A
small threefold excess of EtGu leads to no important
change in the UV/Vis spectrum, so no conclusions about the
ease of complex formation with this receptor can be drawn.
With up to a 100-fold excesses of BuTy or TFA, again no in-
crease in the absorbance of the solvatochromic enol form
was observed, which supports the complexation of the keto
form of 1 with BuTy or TFA. As is already known from the
1H NMR spectroscopic analyses, complex formation with
DAC leads to a rapid equilibration of both complementary
forms with the receptor. The linear, DAC-concentration-de-
pendent increase in the intensity of the UV/Vis absorption
at 422 nm, shown in the titration curve of 1+DAC, and the
absence of an isosbestic point (IP) are evidence for the pres-
ence of three mutually influencing equilibria: the keto–enol
tautomerism and the complex formation of the keto and the
enol2 forms with DAC (Scheme 5). The favoured complex
formation of the enol2 form with DAC has also been found
in the solid state.[11c]


On the addition of the receptors EtAd or BuCy to 1, even
at low receptor concentrations, significant increases in the
intensity of the UV/Vis absorption of the chromophore are
observed. For each UV/Vis titration an IP was observed
(IP=342 nm with EtAd ; IP=383 nm with BuCy), starting
from a tenfold excess of EtAd, and a fivefold excess of
BuCy. This supports the stabilisation of the enol form and
the presence of a 1:1 equilibrium with the receptor. Evalua-
tion of the UV/Vis data as described by Scatchard[11b,14] gave
association constants for 1+EtAd as KA=147�7m


�1 and
for 1+BuCy as KA=1172�36m


�1 (Table 2).
In comparison with known literature complexes,[27,28] we


conclude that 1+EtAd forms a doubly hydrogen-bonded
complex, whereas for 1+BuCy we postulate a triply hydro-
gen-bonded complex (Scheme 5).


Conclusion


In this work we have presented the enolisable barbiturate 1-
n-butyl-5-(4-nitrophenyl)barbituric acid (1) as a new UV/Vis
probe. The prototropic tautomerisation, and thus the elec-
tron donor strength of the barbituric acid substituent, is de-
termined through the complex polarity of the solvent envi-
ronment. In the example of the interaction with 2,6-diami-
nopyridine (DAP), consecutive acid–base reactions and
complex formation were demonstrated, whereas with the
more acidic 2,6-diacetamidopyridine (DAC) a rapid equili-
bration between the complexed keto and enol2 forms took
place. Addition of the most acidic 2,6-bis(trifluoracetami-
do)pyridine (TFA) to 1 produced no substantial change in
keto–enol tautomerism and only weak stabilisation of the
complexed keto form. During the systematic study of the
supramolecular interactions of 1 with synthetic nucleic acid
bases, it was found that with 1-n-butylthymine (BuTy) only
complexation with the keto form was observed, while with
the receptors BuCy and EtAd strong preferences for the
complementary enol form from the tautomeric equilibrium


Figure 6. Comparison of the 1H NMR spectra of 1 (2.2K10�3 molL�1)
with different stoichiometric amounts of BuCy and EtAd in CD2Cl2. The
receptor and solvent signals are marked (with small stars), as are the
downfield shifts of the NH signals and the broadening of the methine
proton signals of 1 (with arrows).


Figure 5. 1H NMR spectra of 1 (2.2K10�3 molL�1) alone and in the pres-
ence of BuTy, TFA and DAC in CD2Cl2. Arrows mark the downfield
shift of the NH proton and the broadening of the methine proton of 1;
receptor and solvent signals are marked with a small star.
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were found. Because of the nature of supramolecular inter-
actions, each complexation example represents a differential
change in the electron-donating effect of the enolisable bar-
bituric acid unit, and therefore a gradual change in the
push–pull system. These structural changes can be measured
by means of the shift in the UV/Vis absorption bands. We
have therefore found the first simple system capable in prin-


ciple of discriminating between the different hydrogen-
bonding patterns in nucleic acid bases and related com-
pounds, based on a differentiated UV/Vis signal. This has
opened up potential for developing a new class of UV/Vis
probe molecules.


Figure 7. Comparison of the results from the UV/Vis titrations of 1 (1.96K10�7 molL�1) with the artificial receptors EtGu (5.88K10�7 molL�1), BuTy
(1.96K10�5 molL�1), TFA (1.96K10�5 molL�1), DAC (1.96K10�7–1.96K10�5 molL�1), EtAd (1.96K10�7–1.18K10�5 molL�1) and BuCy (1.96K10�7–0.69K
10�5 molL�1), measured in dichloromethane/methanol (1.00:0.04).
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Table 2. Complexation properties of the enolisable chromophore 1 with
the synthetic receptors.


Base lmax [nm] [a] Type of H-bonding in 1 Number
of H-bonds


KA [m�1][d]


DAC 422 DAD equil[c] 3 –
TFA –[b] DAD keto 3 14�4
EtGu –[b] AD –[b] – –
BuCy 426 DDA enol1 3 1172�36
EtAd 410 DA enol2 2 147�7
BuTy –[b] AD keto 2 36�4[e]


[a] Measured in CH2Cl2/MeOH 1:0.04. [b] Cannot be determined.
[c] Keto–enol equilibrium. [d] Determined by UV/Vis titration (Scatch-
ard plot) in CH2Cl2/MeOH 1.0:0.04. [e] Determined by 1H NMR titration
in CD2Cl2.


Scheme 5. Possible complex formation equilibria of the enolisable barbi-
turate 1 with the 2,6-diaminopyridine derivatives 2,6-diacetamidopyridine
(DAC, R=CH3) and 2,6-bis(trifluoroacetamido)pyridine (TFA, R=CF3),
as well as with the artificial nucleic acid bases 1-n-butylthymine (BuTy),
9-ethyladenine (EtAd) and 1-n-butylcytosine (BuCy).
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Ethynylferrocene and Dimethyl Acetylenedicarboxylate**
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Introduction


Ever since the discovery of 1,2-dicarba-closo-dodecaborane
in the 1960s, the chemistry of this exceptionally stable car-
borane and its 1,7- and 1,12-isomers has aroused considera-
ble interest. Although C functionalization had readily been
accomplished from the beginning,[1] boron-substitution


chemistry, in particular the selective synthesis of B-substitut-
ed derivatives, proved to be rather difficult.[2] In the last
decade, the development of B�H activation of o-carborane
based on 16e half-sandwich complexes [Cp*M(E2C2B10H10)]
(Cp*=pentamethylcyclopentadienyl; M=Rh, Ir; E=S, Se)
and [(arene)M(E2C2B10H10)] (M=Ru, Os) has provided con-
venient access to selective substitution of the carborane
cage at the position B(3)/B(6).[3] The availability of this
route creates the possibility of investigating the systematic
reaction chemistry of the 16e complexes containing a chelat-
ing 1,2-dicarba-closo-dodecaborane-1,2-dichalcogenolate
ligand because the metal center, chalcogen element, organic
substrates, and reaction conditions strongly influence the re-
activity.


It is well documented that 16e complexes of the type
[Cp*M(E2C2B10H10)] (M=Rh, Ir; E=S, Se) and [(p-cy-


Abstract: The reaction of the 16e half-
sandwich complex [CpCo(S2C2B10H10)]
(1S ; Cp: cyclopentadienyl) with ethy-
nylferrocene in CH2Cl2 at ambient tem-
perature leads to [CpCo(S2C2B10H9)-
ACHTUNGTRENNUNG(CH2CFc)] (2S ; Fc: ferrocenyl) and
1,2,4-triferrocenylbenzene. In 2S, B
substitution occurs at the carborane
cage in the position B(3)/B(6) with the
formation of a C�B bond. In the pres-
ence of the protic solvent MeOH, 2S
loses a CpCo fragment to generate
[(CH2CFc)(S2C2B10H9)] (3S). On the
other hand, 2S can take a free CpCo
fragment to form [(CpCo)2ACHTUNGTRENNUNG(S2C2B9H8)-
ACHTUNGTRENNUNG(CHCFc)] (4S) containing a nido-C2B9


unit. In sharp contrast, [CpCo-
ACHTUNGTRENNUNG(Se2C2B10H10)] (1Se) does not react
with the alkyne in CH2Cl2, but in
MeOH [(CHCFc)(Se2C2B10H10)] (5Se)
is generated without the presence of a
CpCo unit. The reaction of 1 with di-


methyl acetylenedicarboxylate at ambi-
ent temperature leads to insertion com-
pounds [CpCo(E2C2B10H10) ACHTUNGTRENNUNG{(MeO2C)-
ACHTUNGTRENNUNGC=C ACHTUNGTRENNUNG(CO2 ACHTUNGTRENNUNGMe)}] (6S, E=S; 6Se, E=


Se). Upon heating, 6S rearranges to
two geometrical isomers [CpCo-
ACHTUNGTRENNUNG(S2C2B10H9) ACHTUNGTRENNUNG{(MeO2C)C=CH ACHTUNGTRENNUNG(CO2Me)}]
(7S) and [CpCo ACHTUNGTRENNUNG(S2C2B10H9) ACHTUNGTRENNUNG{(MeO2C)-
ACHTUNGTRENNUNGCHC ACHTUNGTRENNUNG(CO2ACHTUNGTRENNUNGMe)}] (8S). In both, B�H
functionalization takes place at the car-
borane cage in the position B(3)/B(6),
but 7S is a 16e complex with an olefin-
ic unit in a Z configuration, and 8S is
an 18e complex containing an alkyl B�
CH group. Further treatment of 7S
with dimethyl acetylenedicarboxylate
at ambient temperature affords two B-


disubstituted complexes at the carbor-
ane cage in the positions of the B(3)
and B(6) sites, that is, [CpCo ACHTUNGTRENNUNG(S2C2-
ACHTUNGTRENNUNGB10H8) ACHTUNGTRENNUNG{(MeO2C)C=CH ACHTUNGTRENNUNG(CO2Me)}2]
(9S) and [CpCo ACHTUNGTRENNUNG(S2C2B10H8)ACHTUNGTRENNUNG{(MeO2C)-
ACHTUNGTRENNUNGCHC ACHTUNGTRENNUNG(CO2ACHTUNGTRENNUNGMe)} ACHTUNGTRENNUNG{(MeO2C)C=CH-
ACHTUNGTRENNUNG(CO2Me)}] (10S). Compound 9S is a
16e complex with two olefinic units in
E/E configurations, whereas 10S is an
18e species containing both an olefinic
substituent and an alkyl B�CH unit.
The reaction of 7S with methyl acetyle-
nemonocarboxylate at ambient temper-
ature leads to the sole 16e compound
[CpCo ACHTUNGTRENNUNG(S2C2B10H8) ACHTUNGTRENNUNG{CH=CH ACHTUNGTRENNUNG(CO2Me)}-
ACHTUNGTRENNUNG{(MeO2C)C=CH ACHTUNGTRENNUNG(CO2Me)}] (11S). In
contrast, 6Se does not rearrange. All
new complexes 2S–4S, 5Se, 6Se, and
7S–11S were characterized by NMR
spectroscopy (1H, 11B, 13C) and X-ray
structural analyses were performed for
2S–4S, 5Se, 6Se, and 7S–9S.


Keywords: carboranes · chalcogens ·
cobalt · cyclotrimerization · sand-
wich complexes
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ACHTUNGTRENNUNGmene)M(S2C2B10H10)] (M=Ru, Os) react with alkynes to
generate numerous novel complexes, which results from the
insertion of an alkyne into M�E bonds, followed by B�H
activation, M�B bond formation, and further transforma-
tions.[3–6] However, in the case of ethynylferrocene, HC�C�
Fc, only the reaction with 16e complexes
[Cp*Rh(E2C2B10H10)] (E=S, Se) has been described.[4]


[Cp*Rh(S2C2B10H10)] reacted with HC=C�Fc to generate
compound A (Scheme 1) bearing an M�B bond. In compari-


son, [Cp*Rh(Se2C2B10H10)]-mediated dimerization of ethy-
nylferrocene in boiling chloroform led to (E)- and (Z)-1,4-
diferrocenylbuten-3-ynes. As for the internal alkyne dimeth-
yl acetylenedicarboxylate, MeO2C�C�C�CO2Me, only inser-
tion compounds of the type B–G (Scheme 1) were isolated
at ambient temperature,[3b,5] and they showed high thermal
stability with regard to further rearrangement. For instance,
the conversion of C to H was roughly detected by the char-
acteristic 11B signal after a three-day treatment in boiling
toluene.[5]


Our preliminary results showed that the 16e complexes
[CpCo(E2C2B10H10)] (Cp=cyclopentadienyl; 1S, E=S; 1Se,
E=Se) are more reactive than their analogous rhodium and
iridium species, and thus have the potential to be used for
different transformations.[7] In our continuous and systemat-
ic study of the role of metal in the reaction chemistry of the
16e complexes [CpCo(E2C2B10H10)] and
[Cp*M(E2C2B10H10)] (M=Rh, Ir; E=S, Se), we examined
the reactivity of the cobalt species 1S and 1Se with two al-
kynes: HC�C�Fc and MeO2C�C�C�CO2Me. Herein, we
report ten new complexes: 2S–4S, 5Se, 6Se, and 7S–11S.


Results and Discussion


Reactions of 1 with HC�C�Fc : The reactions of
[CpCo(E2C2B10H10)] (1S, 1Se) with HC�C�Fc were ex-
plored in two different solvents, and the products isolated
by chromatography were characterized by using spectro-
scopic data and X-ray crystal structure determinations. Con-
nections between products in CH2Cl2 and MeOH were de-
fined by treatment of the isolated product in CH2Cl2 with
MeOH.


In CH2Cl2 : The reaction of 1S with HC�C�Fc in CH2Cl2 at
ambient temperature led to 2S and 1,2,4-triferrocenylben-
zene (Scheme 2). In comparison, 1Se does not react.


Compound 2S was isolated in a yield of 80%. The solid-
state structure, as shown in Figure 1[8] and Table 1, indicates
the presence of a B�C bond (1.542 P), rather than an M�B
bond as observed in species A (Scheme 1) in the analogous
rhodium reaction system.[4] The triple bond in HC�C�Fc
has been extended to a typical C�C single bond (1.540 P) in


2S, and the C-C-C angle at
C(4) (177.78 in HC�C�Fc) is
reduced to 117.98 in 2S. The
newly generated five-mem-
bered ring
C(3)B(3)C(1)S(1)C(4) is
almost planar, whereas the
five-membered ring
S(1)Co(1)S(2)C(2)C(1) is non-
planar. The distance of C(1)–
C(2) (1.696 P) is in the typical
range of o-carborane deriva-
tives.[2] A similar structural
type has been observed in the


reactions of 16e rhodium analogues with phenylacetylene
and methyl propiolate.[6,7]


Spectroscopic analysis of 2S confirms that the relevant
features of its solid-state structure are retained in solution.
A large value (16 Hz) for the geminal coupling constant in
the 1H NMR spectrum is assigned typically to diastereotopic
1H nuclei of an alkyl group (B�CH2). The


11B NMR spectro-
scopic signal of the boron atom linked to the CH2 group is
readily assigned as 4.4 ppm by comparison of 1H-coupled
and 1H-decoupled 11B NMR spectra, in contrast to the other


Scheme 1. Some reported examples of A,[4] B,[3b] C–H[5] containing a chelating 1,2-dicarba-closo-dodecaborane-
1,2-dichalcogenolate ligand.


Scheme 2. Reaction of 1S and 1Se with HC�C�Fc.
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overlapping signals in negative values. In this reaction
system, an analogous species of A (Scheme 1) with an M�B
bond was not detected even by NMR monitoring at ambient
temperature, which demonstrates that the 16e cobalt starting
material is more reactive than its rhodium analogue because


complex A is thermally stable and hard to convert to a spe-
cies like 2S.


More interestingly, 1S-catalyzed alkyne cyclotrimerization
occurs in a competitive pathway that leads only to 1,2,4-tri-
ferrocenylbenzene, identified by comparison of its spectro-
scopic data with those reported in the literature.[9] The yield
only accounts for 10% of the added alkyne, because the for-
mation of 2S is rather competitive even at ambient tempera-
ture as monitored by NMR spectroscopy. In spite of the im-
portance of ferrocenylarenes, few reports dealt with the cy-
clotrimerization of HC�C�Fc[10] because of the bulky ferro-
cenyl group. Three effective catalysts are [Co2(CO)8],


[11]


TaCl5,
[12] and cobaltocene;[9] however, they result in a mix-


ture of 1,3,5- and 1,2,4-triferrocenylbenzenes. Note that
their separation was only realized by preparative HPLC,
and full characterization was completed recently.[9] Thus, the
16e cobalt complex represents perfect selectivity.


In MeOH : In the protic solvent MeOH, the reaction of 1
with excess HC�C�Fc at ambient temperature led to differ-
ent products 3S, 4S, and 5Se (Scheme 2).


Compound 3S was isolated in a yield of 40%. Its X-ray
structure (Figure 2 and
Table 1) displays a tripod with
a B�CH2 unit, but lacks a
CpCo moiety compared to
2S.[8] Obviously, a symmetric
structure was achieved in 3S
as revealed by its spectroscopic
data. For example, a singlet at
d=2.28 ppm in the 1H NMR
spectrum was assigned to the
two magnetically equivalent
protons of the B�CH2 unit, in
contrast to two doublets (J=


16 Hz) separated by 1.1 ppm in
2S. Additionally, the 13C NMR
spectrum shows one slightly
broadened signal at d=


90.1 ppm assigned to the two
equal carbon atoms of the car-
borane cage. A lower-field
11B signal at 0.6 ppm for the
substituted boron atom was
observed relative to the nega-
tive values for the other boron
signals.


Complex 5 is novel. We are
unaware of any previous gen-
eration of compounds arising
by loss of a p-cymene/Cp*-
metal fragment from transi-


tion-metal half-sandwich complexes containing a chelating
1,2-dicarba-closo-dodecaborane-1,2-dichalcogenolate ligand.
The reaction provides a facile route for the incorporation of
ethynylferrocene into an o-carborane dithiolate to generate
ferrocene–carborane conjugates.


Figure 1. Molecular structure of 2S ; ellipsoids show 30% probability
levels, and some of the hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [P] and angles [8]: Co(1)�ring centroid 1.706, C(1)�
C(2) 1.696(4), C(2)�B(3) 1.774(4), C(1)�B(3) 1.725(5), Co(1)�S(1)
2.1738(11), Co(1)�S(2) 2.2324(13), Co(1)�C(4) 2.019(3), C(3)�C(4)
1.540(5), C(3)�B(3) 1.542(5), C(4)�C(5) 1.475(5), S(1)�C(4) 1.822(3),
S(1)�C(1) 1.795(3), S(2)�C(2) 1.766(3); S(1)-Co(1)-S(2) 96.20(4), S(1)-
C(4)-C(3) 114.7(2), C(4)-C(3)-B(3) 110.63, C(3)-C(4)-C(5) 117.9(3),
Co(1)-C(4)-C(5) 114.2(2), Co(1)-S(2)-C(2)/C(2)-C(1)-S(1)-Co(1) 171.7.


Table 1. Crystallographic data and structure refinement information for 2S–4S and 5Se.


2S 3S 4S 5Se


formula C19H25B10CoFeS2 C14H20B10FeS2 2(C24H26B9Co2FeS2),H2O C14H20B10FeSe2
Mw 540.41 416.39 1317.19 510.17
color purple yellow green yellow
size [mm3] 0.24R0.26R0.30 0.24R0.26R0.32 0.24R0.26R0.30 0.24R0.26R0.30
crystal system triclinic monoclinic monoclinic orthorhombic
space group P1̄ C/c P21/c Pbcn
a [P] 9.330(3) 24.720(3) 10.3216(14) 16.413(2)
b [P] 10.212(4) 7.2357(7) 14.753(2) 16.413(3)
c [P] 13.312(4) 11.8447(11) 20.888(3) 14.818(3)
a [8] 80.733(4) 90 90 90
b [8] 70.911(3) 114.097(4) 115.432(6) 90
g [8] 83.755(5) 90 90 90
V [P3] 1175.0(7) 1934.0(4) 2827.5(7) 3991.8(12)
Z 2 4 2 8
q range [8] 2.0–26.0 1.8–26.0 1.8–26.0 1.8–26.0
1calcd [gcm


�3] 1.528 1.430 1.523 1.698
m [mm�1] 1.509 0.991 1.802 4.399
min, max trans 0.6403, 0.7034 0.7414, 0.7935 0.6014, 0.6505 0.2615, 0.3540
data/restraints/parameters 4530/0/298 2453/0/244 5640/0/352 3928/0/244
F ACHTUNGTRENNUNG(000) 548 848 1328 1984
no. reflns collected 6386 5114 15547 20723
no. unique reflns [Rint] 4530 (0.023) 2453 (0.043) 5640 (0.036) 3928 (0.041)
GOF 1.06 1.11 1.05 1.07
R indices [I>2s(I)] R1=0.0494


wR2=0.0823
R1=0.0566
wR2=0.1229


R1=0.0456
wR2=0.1003


R1=0.0387
wR2=0.931


R indices (all data) R1=0.0730
wR2=0.0848


R1=0.0621
wR2=0.1247


R1=0.0597
wR2=0.1045


R1=0.0510
wR2=0.0974


largest diff. peak and hole
[eP�3]


0.558, �0.974 0.353, �0.450 0.283, �0.300 0.336, �0.400
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Compound 4S was isolated as a minor product. Interest-
ingly, it contains an open C2B9 cluster rather than a closo-
C2B10 cage, as shown by X-ray analysis (Figure 3 and
Table 1). The characteristic well-separated 11B signals in a
larger range from 11 to �33 ppm present a sharp contrast
with those of closo-o-carborane derivatives.[3–7] The genera-
tion of a nido-C2B9 unit is attributed to the protic solvent
MeOH.[13] Note that a basic environment or an alcoholic sol-
vent can readily lead to loss of an apex BH close to the two
C atoms of o-carborane since B(3)/B(6)–H are more
acidic.[2,14] The broader singlet at d=1.69 ppm in the
1H NMR spectrum corresponds to the alkyl B�CH moiety.


The generation of a metal–metal bond leads to each cobalt
atom being electronically saturated.


Attempts to synthesize the selenium analogues of 3S and
4S from 1Se and HC�C�Fc in MeOH were unsuccessful.
However, a new compound 5Se was generated. Its X-ray
crystal structure (Figure 4 and Table 1) shows an addition
product of the alkyne to the 1,2-dicarba-closo-dodecabor-
ane-1,2-dichalcogenolate ligand at the selenium sites with
extrusion of the CpCo unit. The newly generated six-mem-
bered ring is bent at the Se(1)···Se(2) vector at an angle of
126.78. The C(3)–C(4) bond length (1.327 P) falls in the
range of a C=C bond.


The NMR data of 5Se are in agreement with its solid-
state structure. A characteristic feature in the 1H NMR spec-
trum includes a singlet at d=7.19 ppm assigned to the ole-
finic proton. 2D 13C/1H heteronuclear correlation
(HETCOR; HMBC and HMQC) experiments based on
coupling constants nJ ACHTUNGTRENNUNG(13C, 1H) (n=1, 2) were performed to
allow complete assignment of 13C NMR spectroscopic sig-
nals. As a result, the 13C signal of the =CH unit of the six-
membered ring is identified at d=113.5 ppm. The carbon
atom linked to the ferrocenyl group (=C�Fc) was assigned
at d=130.1 ppm. A similar structure was observed for
(FcCCH)[(Ge(Me)2)2 ACHTUNGTRENNUNG(C2B10H10)] resulting from the reaction
of the cyclic nickel complex (Me3P)2Ni[(Ge(Me)2)2-
ACHTUNGTRENNUNG(C2B10H10)] with HC�C�Fc.[15]


Transformation of 2S in MeOH at ambient temperature :
Upon treatment in MeOH at ambient temperature for three
days, 2S converts to 3S and 4S in yields of 60 and 20%, re-
spectively (Scheme 2). In practice, in the presence of silica
gel the conversion of 2S to 3S in CH2Cl2 at ambient temper-
ature is immediate; upon reaction in boiling toluene for
three days the conversion is also quantitative. Therefore, it
can be safely assumed that 2S is the intermediate of the re-
action of 1S and HC�C�Fc in MeOH, thus connecting 1S
and the isolated products 3S and 4S.


Figure 2. Molecular structure of 3S ; ellipsoids show 30% probability
levels, and some of the hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [P] and angles [8]: C(1)�C(2) 1.637(9), C(1)�B(3)
1.680(12), C(2)�B(3) 1.713(11), C(3)�B(3) 1.734(10), S(2)�C(2) 1.788(7),
S(1)�C(1) 1.732(8), S(1)�C(4) 1.735(7), S(2)�C(4) 1.848(7), C(3)�C(4)
1.783(9), C(4)�C(5) 1.466(9); S(1)-C(4)-S(2) 107.0(3), S(1)-C(4)-C(5)
116.0(5), S(2)-C(4)-C(5) 112.0(5), C(1)-S(1)-C(4) 91.3(3), C(2)-S(2)-C(4)
88.1(3), S(2)-C(4)-C(3) 103.2(4), S(1)-C(4)-C(3) 105.2(4), C(5)-C(4)-C(3)
112.3(5), C(4)-C(3)-B(3) 93.2(5).


Figure 3. Molecular structure of 4S ; ellipsoids show 30% probability
levels, and some of the hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [P] and angles [8]: Co(1)�ring centroid 1.696, Co(2)�
ring centroid 1.697, Co(1)�Co(2) 2.5603(7), C(1)�C(2) 1.572(5), C(1)�
B(3) 1.741(6), C(2)�B(3) 1.711(5), S(1)�C(2) 1.772(4), S(2)�C(1)
1.794(4), C(3)�B(3) 1.567(5), Co(2)�S(1) 2.1537(10), Co(2)�S(2)
2.1886(10), Co(1)�C(4) 2.079(3), Co(1)�C(3) 2.051(3), S(2)–C(4)
1.813(4), C(4)�C(5) 1.463(5); C(3)-C(4)-C(5) 128.3(3), Co(1)-C(4)-C(5)
111.9(2), S(2)-C(4)-C(5) 116.7(3), Co(2)-S(2)-C(4) 91.18(12), Co(1)-C(4)-
S(2) 105.00(16), Co(1)-C(3)-B(3) 113.5(2), S(1)-Co(1)-C(3) 92.95(11),
Co(1)-S(1)-C(2) 105.20(12), Co(2)-S(1)-C(2) 106.24(12), S(1)-Co(2)-S(2)
90.96(4).


Figure 4. Molecular structure of 5Se ; ellipsoids show 30% probability
levels, and some of the hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [P] and angles [8]: C(1)–C(2) 1.634(5), Se(1)–C(1)
1.916(4), Se(2)–C(2) 1.934(4), Se(2)–C(3) 1.911(4), Se(1)–C(4) 1.894(4),
C(3)–C(4) 1.327(5), C(4)–C(5) 1.461(5); C(1)-Se(1)-C(4) 101.33(16),
C(2)-Se(2)-C(3) 99.45(16), Se(2)-C(3)-C(4) 126.3(3), Se(1)-C(4)-C(3)
121.0(3), Se(1)-C(4)-C(5) 116.2(3), C(3)-C(4)-C(5) 122.8(3), C(1)-C(2)-
Se(1)-Se(2)/C(3)-C(4)-Se(1)-Se(2) 53.3.
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Mechanistic implications : The two starting materials (1S
and 1Se) reacted with HC�C�Fc in MeOH to yield marked-
ly different final products. Mechanistic suggestions for the
generation of 2S–4S and 5Se are shown in Scheme 3. The
pathway from 1S to 2S via I–IV has been well documented
in our previous work.[3–7] In the case of selenium, reductive
elimination of the cobalt fragment from II leads to 5Se. The
formation of 3S most likely arises from an initial nucleophil-
ic attack of MeOH on the cobalt center in 2S, followed by
reductive elimination of a CpCo fragment. The released
CpCo fragment can be captured by 2S itself to generate V.
But the introduction of an extra CpCo moiety alters the
electronic environment of the “pseudo” aromatic system
that may facilitate loss of a BH vertex in the protic MeOH
to give 4S. Note that one hydrogen atom is extruded from
the alkyl B�CH2 unit in the conversion of 2S to 4S. Hence,
the generation of 3S–5S provides a relatively unexplored
facet of the chemical interactions between the metal com-
plex and the organic substrate.


Reactions of 1 with MeO2C�C�C�CO2Me : The reactions
of 1S and 1Se with MeO2C�C�C�CO2Me in CH2Cl2 at am-
bient temperature led to 6S and 6Se, respectively
(Scheme 4). The solid-state structure of 6S was described by
KangWs research group.[16] In the present work, its 11B and
13C NMR data were first reported for comparison with the
selenium analogue.


Compound 6Se was isolated in a yield of 80%. The crys-
tal structure and data (Figure 5 and Table 2) indicate the ad-
dition of one alkyne to a Co�Se bond to give a four-mem-
bered ring, as observed in 6S.[8] The 13C data of the carbor-
ane (d=067.5 and 70.7 ppm) shift to a high field relative to
6S (79.2 and 98.6 ppm) owing to the heavy-atom effect ex-


erted by replacement of S with
Se. However, the chemical
shifts of the two olefinic
carbon atoms are similar in
both 6S and 6Se.


Transformation of 6 at a higher
temperature : The insertion
complexes of the type B–G
(Scheme 1)[3b,5] could be con-
sidered as intermediates con-
necting the 16e half-sandwich
complexes to the isolated prod-
ucts, such as ortho-metalation
or boron-substitution com-
pounds, in spite of not being
isolated from the reactions
with other alkynes, that is,
HC�C�CO2Me, HC�C�Ph,
HC�C�Fc, HC�CH, HC�C�
Me, and HC�C�CH2OMe.
However, it is well document-Scheme 3. Mechanism proposed for the reaction of 1 with HC�C�Fc in MeOH.


Scheme 4. Reactions of 1S and 1Se with MeO2C�C�C�CO2Me.


Figure 5. Molecular structure of 6Se ; ellipsoids show 30% probability
levels, and hydrogen atoms have been omitted for clarity. Selected bond
lengths [P] and angles [8]: Co(1)�ring centroid 1.692, C(1)�C(2)
1.672(8), Se(1)�Co(1) 2.3626(10), Se(2)�Co(1) 2.3557(11), C(3)�C(4)
1.371(8), Co(1)�C(4) 1.908(6), Se(1)�C(3) 1.922(6); Se(1)-C(3)-C(4)-
Co(1) �2.4(5), Se(1)-Co(1)-Se(2)/Se(2)-C(2)-C(1)-Se(1) 163.7.
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ed that these complexes are rather stable with respect to fur-
ther rearrangements. For example, after heating in boiling
toluene for three days, little rearrangement of C to ortho-
metalation compound H (Scheme 1) could be detected by
11B NMR spectroscopy on the basis of a high-field shift of
the 11B signal of a B�Ir bond.[5] Hence, the further transfor-
mation of this type of product plays a crucial role in sup-
porting the mechanism we proposed for metal-induced B�H
activation and B functionalization of the o-carborane cage.[3]


Upon heating at 70 8C, 6S rearranges to 7S and 8S in an
approximate ratio of 1:1 (Scheme 5). Both are geometrical
isomers with B substitution at the carborane cage. Com-
pound 7S was isolated in a yield of 40%. The solid-state
structure (Figure 6 and Table 2) shows a 16e complex con-
taining an olefinic substituent at the B(3)/B(6) site in a cis
arrangement.[8] The generation of 7S follows well-estab-
lished procedures through metal-induced B�H activation


and M�B formation.[3–6] The
intermediate VI (Scheme 5) re-
arranges in two ways leading
to 7S and 8S, respectively. In
7S, the five-membered ring
Co(1)S(1)C(1)C(2)S(2) is
planar as in 1S. The 1H NMR
spectrum shows a signal at d=


6.84 ppm for the vinyl proton
of the =CH moiety. The broad
13C resonance at d=143.7 ppm
for the carbon atom linked to
B(3)/B(6) is indicative. One
carbon signal of the carborane
is recognized at d=97.1 ppm
owing to a symmetric structure
of 7S.


The X-ray structure of 8S
(Figure 7 and Table 2) displays
the formation of an alkyl B�
CH unit,[8] analogous to 2S.
The C=C double bond
(1.340 P) in 6S has been ex-
tended to the range of a single
bond (1.528 P) in 8S. In solu-
tion, broad signals at d=2.86
for 1H and 46.7 ppm for 13C for
the B�CH group in 8S were
observed. In comparison, 6Se
does not convert under the


same conditions. However, heating to 110 8C leads to de-
composition to [(CpCo)2(Se2C2B10H10)].


At present, 6S is the only 18e alkyne addition complex
that can convert under mild conditions and generate two
different final products with B substitution at the B(3)/B(6)
positions. The cause arises from the symmetric internal
alkyne that determines the sole intermediate VI, further
leading to two equal rearrangements to 7S and 8S. Previous
observations led to a structural type of either 7S or 8S.[3]


The sequence shown in Scheme 5 provides direct evidence
for our mechanistic proposal on metal-induced B�H activa-
tion and B�H functionalization of the o-carborane cage.[3]


Reactions of 7S with R-C�C�CO2Me (R=H or CO2Me):
Owing to electron deficiency at the metal center, 7S is
promising for use as an electron acceptor. A subsequent re-
action with MeO2C�C�C�CO2Me at ambient temperature


led to 9S and 10S (Scheme 6).
Compound 9S was isolated in
a yield of 60%. Single-crystal
X-ray diffraction reveals
(Figure 8 and Table 2) a sym-
metric molecule with a 16e
metal center and B disubstitu-
tion at the B(3) and B(6) sites
of the carborane cage.[9] Unex-
pectedly, the configurations of


Table 2. Crystallographic data and structure refinement information for 6Se and 7S–9S.


6Se 7S 8S 9S


formula 4(C13H21B10CoO4Se2),H2O C27H44B20Cl2Co2O8S4 C13H21B10CoO4S2 C19H27B10CoO8S2


Mw 2283.01 1029.86 472.47 614.56
color red red blue red
size [mm3] 0.22R0.24R0.30 0.24R0.26R0.30 0.24R0.26R0.30 0.24R0.26R0.30
crystal system triclinic orthorhombic monoclinic monoclinic
space group P1̄ Pbcn P21/c C2/c
a [P] 11.9366(13) 18.3927(16) 10.9122(12) 12.1832(14)
b [P] 14.6959(16) 11.7460(11) 9.9909(11) 18.753(2)
c [P] 15.0536(16) 21.2801(19) 19.728(2) 12.903(2)
a [8] 62.5130(10) 90 90 90
b [8] 75.200(2) 90 90.212(3) 112.670(1)
g [8] 83.032(2) 90 90 90
V [P3)] 2264.9(4) 4597.4(7) 2150.8(4) 2720.2(6)
Z 1 4 4 4
q range [8] 1.6–26.0 1.9–26.0 1.9–26.0 2.1–26.0
1calcd [gcm


�3] 1.674 1.488 1.459 1.501
m [mm�1] 3.991 1.064 1.010 0.829
min, max trans 0.3313, 0.4224 0.7407, 0.7842 0.7514, 0.7935 0.783, 0.821
data/restraints/param-
eters


8758/0/553 4522/0/300 4229/0/273 2670/0/206


F ACHTUNGTRENNUNG(000) 1114 2088 960 1256
no. reflns collected 12587 23620 11445 7345
no. unique reflns (Rint) 8758 (0.032) 4522 (0.037) 4229 (0.045) 2670 (0.040)
GOF 1.03 1.04 0.99 1.08
R indices (I>2s(I)) R1=0.0586


wR2=0.1226
R1=0.0431
wR2=0.1050


R1=0.0554
wR2=0.1065


R1=0.0494
wR2=0.1132


R indices (all data) R1=0.0820
wR2=0.1277


R1=0.0547
wR2=0.1086


R1=0.0752
wR2=0.1096


R1=0.0646
wR2=0.1160


largest diff. peak and
hole (eP�3)


0.441, �0.806 0.614, �0.987 0.394, �0.724 0.472, �0.289


Scheme 5. Rearrangement of 6S to 7S and 8S.
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the two olefinic substituents are both in the trans (E) ar-
rangement, in contrast to the cis (Z) configuration in 7S.
The easy conversion at ambient temperature reflects the low
barrier energy between the two configurations in this specif-
ic system. In the 1H NMR spectrum one singlet at d=


6.70 ppm corresponds to the C=CH unit, in contrast to d=


6.84 ppm in 7S. The sharp 13C signal at d=141.9 ppm and
the broad one at d=134.8 ppm of the carbon nuclei linked
directly to B(3)/B(6) are indicative of the B�C=CH unit, in
contrast to d=141.3 and 143.7 ppm in 7S.


Compound 10S was isolated in a yield of 10%. Unfortu-
nately, attempts to grow suitable single crystals for structural
determination failed. However, spectroscopic data support
the structure proposed in Scheme 6. The NMR spectroscop-
ic data demonstrate that the second B substitution has oc-
curred with an alkyl B�CH unit, as shown by a broader
1H singlet at d=2.85 ppm and a broader 13C signal at d=


29.4 ppm for the B�CH unit. Additionally, the 11B signal at
d=0.5 ppm is attributed to the characteristic boron atom
linked to the alkyl unit, in contrast to the negative values of
other boron signals. In the B-substituted olefinic unit, the
1H spectroscopic signal of the =CH unit appears at d=


7.45 ppm, compared to d=6.84 ppm in 7S. A mass spectro-
metric measurement displays a molecular peak. Note that
an E configuration for the olefinic unit in 10S is assumed on
the basis of the facile configuration conversion from 7S to
9S.


Notably, the reaction of 7S with MeO2C�C�C�CO2Me to
generate 9S and 10S is not a simple repetition of the one
from 1S to 7S and 8S. The predicted intermediate VII, an
analogue of 6S, is not isolated, and 9S and 10S are the final
products at ambient temperature. The experimental results
reveal that the presence of one B substitution can accelerate


Figure 6. Molecular structure of 7S ; ellipsoids show 30% probability
levels, and some of the hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [P] and angles [8]: Co(1)�ring centroid 1.636, Co(1)�
S(1) 2.1318(8), Co(1)�S(2) 2.1396(8), C(1)�C(2) 1.632(4), S(1)�C(1)
1.793(3), S(2)�C(2) 1.800(3), C(3)�C(4) 1.330(4), C(3)�B(3) 1.580(4);
C(5)-C(3)-C(4)-C(6) 2.5(4), S(1)-C(1)-C(2)-S(2)/S(2)-Co(1)-S(1) 2.


Figure 7. Molecular structure of 8S ; ellipsoids show 30% probability
levels, and some of the hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [P] and angles [8]: Co(1)�ring centroid 1.681, C(1)�
C(2) 1.690(4), S(1)�C(3) 1.786(3), C(3)�C(4) 1.528(4), C(4)�B(3)
1.597(5), C(1)�B(3) 1.704(5), C(2)�B(3) 1.728(5), S(1)�C(1) 1.789(3),
S(2)�C(2) 1.756(3), Co(1)�S(1) 2.1599(9), Co(1)�S(2) 2.2276(9); C(6)-
C(3)-C(4)-C(5) �30.3(4), C(4)-B(3)-C(1)-S(1)/C(4)-C(3)-S(1) 165.9, S(1)-
C(1)-C(2)-S(2)/S(1)-Co(1)-S(2) 175.3.


Scheme 6. Reaction of 7S with MeO2C�C�C�CO2Me.
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the reactivity of the 16e metal center. This finding is attrib-
uted to the “pseudo” aromatic properties of both the carbor-
ane cage and the five-membered ring of
S(1)Co(1)S(2)C(2)C(1). In comparison, the generation of
10S is less favored than 9S, which indicates that the rear-
rangement of VIII to 10S is less favored due to the electron-
ic effect of the CO2Me unit.


If a second alkyne HC�C�CO2Me was used for further
reaction with 7S, only 11S, an analogue of 9S, was isolated
in a yield of 80%. Good-quality single crystals for X-ray
measurement were not obtained; however, the spectroscopic
data support the proposed B-disubstituted structure
(Scheme 6). The doublets at d=5.18 and 6.23 ppm with a
coupling constant of J=15 Hz suggest an olefinic unit in a Z
configuration, as observed in the analogous Co, Rh, and Ir
complexes. The singlet at d=6.72 ppm is assigned to the
vinyl proton of the B�C=CH�CO2Me unit. The 13C NMR
spectrum displays one sharp resonance at d=134.6 ppm (B�
CH=CH), a broad signal at d=135.2 ppm (B�CH=CH), and
a sharp signal at d=141.7 ppm (B�C=CH�CO2Me), as con-
firmed by 2D 13C/1H HETCOR (HMQC) experiment. Simi-
larly, a configuration change of the first olefinic unit from Z
to E was assumed from 7S to 11S as occurred from 7S to
9S. Moreover, it appears that the number of the electron-
withdrawing CO2Me groups affects the product type, that is,
from 7S to 11S or to 9S and 10S. In practice, the electronic
effect influences the rearrangement selectivity of the species
VIII, further leading to different types of products.


Conclusion


The reaction of [CpCo(S2C2B10H10)] (1S) with HC�C�Fc af-
fords 2S with a C�B bond instead of an M�B bond. This
finding demonstrates that the 16e cobalt compound is more
reactive than its analogous 16e rhodium and iridium com-
plexes. The protic solvent MeOH induces conversion of 2S
to the interesting structures of 3S and 4S. In addition, a


competitive pathway of 1S-catalyzed cyclotrimerization of
HC�C�Fc is present that leads to more congested 1,2,4-tri-
ferrocenylbenzene as a sole product. This was not observed
in the rhodium and iridium systems. In the reaction of 1S
with MeO2C�C�C�CO2Me, the rearrangement of the
alkyne insertion complex 6S further verifies our previously
proposed mechanism on metal-induced B�H activation. The
B-substituted 16e species 7S is more reactive than 1S, which
reflects a “pseudo” aromatic system. Additionally, the
cobalt complexes with selenium show less reactivity than the
sulfur analogues. This parallels the observations in related
Rh and Ir complexes.


Experimental Section


General : nBuLi (2.0m in hexanes, Aldrich), o-carborane (Katchem,
Czech Republic), methyl acetylenemonocarboxylate (Alfa Aesar), and
dimethyl acetylenedicarboxylate (Aldrich) were used as supplied. Ethy-
nylferrocenyl,[17] [CpCo(CO)I2],


[18] and 16e complex [CpCo(E2C2B10H10)]
(E=S, Se)[19] were prepared by modified literature procedures. All reac-
tions were carried out under argon by using standard Schlenk techniques.
All solvents were dried and deoxygenated prior to use. Diethyl ether,
THF, petroleum ether, and toluene were heated to reflux and distilled
over sodium/benzophenone ketyl under nitrogen. CH2Cl2 was heated to
reflux and distilled over CaH2 under nitrogen. The NMR measurements
were performed on a Bruker DRX 500 spectrometer. Chemical shifts
were given with respect to CHCl3/CDCl3 (d(1H)=7.24, 13C=77.0 ppm),
CDHCl2/CD2Cl2 (d(1H)=5.33; 13C=53.8 ppm), and external Et2O·BF3


(d ACHTUNGTRENNUNG(11B)=0 ppm). The IR spectra were recorded on a Bruker Vector 22
spectrophotometer with KBr pellets in the region of 4000–400 cm�1. The
C and H microanalyses were carried out with an Elemetar Vario EL III
elemental analyzer. Mass spectra were recorded in a Micromass GC-
TOF for EIMS (70 eV).


Synthesis of 2S : A mixture of 1 (66.0 mg, 0.2 mmol) and HC�C�Fc
(105 mg, 0.5 mmol) in CH2Cl2 (20 mL) was stirred for 6 h at ambient tem-
perature. The color turned gradually from red to deep purple. After re-
moval of solvent, the residue was subjected to chromatography on neu-
tral alumina, and elution with petroleum ether/CH2Cl2 (2:1) gave 2S
(86.4 mg, 80%). Purple solid; m.p. 161 8C; 1H NMR (500 MHz, CDCl3,
25 8C): d =1.82 (d, 2J ACHTUNGTRENNUNG(H,H)=16 Hz, 1H; B�CH2), 2.91 (d, 2J ACHTUNGTRENNUNG(H,H)=


16 Hz, 1H; B�CH2), 3.60 (s, 1H; Fc), 4.30 (s, 1H; Fc), 4.40 (s, 5H; Fc),
4.43 (s, 1H; Fc), 4.57 (s, 1H; Fc), 4.49 ppm (s, 5H; Cp); 13C NMR
(125 MHz, CDCl3, 25 8C): d =33.5 (br, B�CH2), 67.5, 68.3, 69.5, 69.6,
89.9, 102.3 (Fc), 83.3 (Fc�C�S), 86.1 (Cp), 95.4, 98.5 ppm (carborane);
11B NMR (160 MHz, CDCl3, 25 8C): d=�11.4 (1B), �7.6 (1B), �6.6
(5B), �6.1 (1B), �4.8 (1B), 4.4 (1B, B-CH2); IR (KBr): ñ=2572 cm�1


(B�H); MS (70 eV): m/z (%): 416.1 (100) [M+]; elemental analysis calcd
(%) for C19H25B10CoFeS2: C 42.23, H 4.66; found: C 41.78, H 4.89.


Syntheses of 3S and 4S


Method A: A mixture of 1 (66.0 mg, 0.2 mmol) and HC�C�Fc (105 mg,
0.5 mmol) in MeOH (20 mL) was stirred for 72 h at ambient tempera-
ture. The color turned gradually from red to deep brown. After removal
of solvent, the residue was subjected to chromatography on silica and
elution with petroleum ether gave 3S (33.3 mg, 40%), followed by 4S
(13.1 mg, 10%) with 1:1 petroleum ether/CH2Cl2.


Method B: A purple solution of 2S (108.0 mg, 0.2 mmol) in MeOH
(15 mL) was stirred at room temperature for 72 h. The color changed
gradually to brown. After removal of solvent, the residue was subjected
to chromatography on silica to give 3S (49.9 mg, 60%) and 4S (13.0 mg,
20%).


Compound 3S : Yellow solid; m.p. 165 8C; 1H NMR (500 MHz, CDCl3,
25 8C): d=2.28 (br s, 2H; B�CH2), 4.28 (s, 5H; Fc), 4.30 (s, 2H; Fc),
4.49 ppm (s, 2H; Fc); 13C NMR (125 MHz, CDCl3, 25 8C): d =39.3 (br,


Figure 8. Molecular structure of 9S ; ellipsoids show 30% probability
levels, and some of the hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [P] and angles [8]: Co(1)�ring centroid 1.634, Co(1)�
S(1) 2.1408(9), S(1)�C(1) 1.778(3), C(1)�C(1A) 1.645(3), C(2)�B(3)
1.596(5), C(2)�C(3) 1.328(4); C(1)-S(1)-Co(1)-S(1A)/C(1)-C(1A)-S(1A)
4.7.
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B�CH2), 67.8, 69.1, 69.8, 105.2 (Fc), 81.8 (Fc�C�S), 90.1 ppm (carbor-
ane); 11B NMR (160 MHz, CDCl3, 25 8C): d=�13.0 (1B), �11.1 (1B),
�5.9 (5B), �3.2 (1B), �0.6 (1B), 0.6 ppm (1B; B-CH2); IR (KBr): ñ=


2593 cm�1 (B�H); MS (70 eV): m/z (%): 416.0 (100) [M+]; elemental
analysis calcd (%) for C14H20B10Fe1S2: C 40.38, H 4.84; found: C 40.06, H
5.02.


Compound 4S : Green solid; m.p. 190 8C; 1H NMR (500 MHz, CDCl3,
25 8C): d =1.69 (br s, 1H; B�CH), 4.28, 4.32, 4.31, 4.46, 4.63 (9H,
1:5:1:1:1; Fc), 4.81, 5.31 ppm (10H, 1:1; CpCo); 11B NMR (160 MHz,
CDCl3, 25 8C): d=�32.4 (1B), �24.2 (1B), �18.7 (1B), �12.9 (1B),
�12.3 (1B), �3.9 (1B), �1.2 (1B), �0.05 (1B), 10.7 ppm (1B); IR
(KBr): ñ=2542 cm�1 (B�H); MS: (70 eV): m/z (%): 650.9 (58) [M+]; ele-
mental analysis calcd (%) for C24H30B9Co2Fe1S2·0.5H2O: C 43.77, H 4.11;
found: C 43.35, H 4.89.


Synthesis of 5Se : A mixture of 1Se (85.0 mg, 0.2 mmol) and HC�C�Fc
(105 mg, 0.5 mmol) in MeOH (20 mL) was stirred for 48 h at ambient
temperature. The color turned gradually from red to dark brown. After
removal of the solvent in vacuo, the residue was subjected to chromatog-
raphy on silica gel with petroleum ether/CH2Cl2 (5:1) and gave a yellow
zone of 5Se (40.8 mg, 40%). Yellow solid; m.p. 163 8C; 1H NMR
(500 MHz, CDCl3, 25 8C): d =4.20 (s, 5H; Cp), 4.42 (m, 2H; Fc), 4.49 (m,
2H; Fc), 7.19 ppm (s, 1H; =CH); 13C NMR (125 MHz, CDCl3, 25 8C): d=


67.0, 68.8, 69.6, 74.2 (Fc), 76.2, 113.5 (carborane), 113.0 (CH=),
130.1 ppm (=C�Fc); 11B NMR (160 MHz, CDCl3, 25 8C): d=�5.7 (8B),
�0.7 ppm (2B); IR (KBr): ñ =2585 cm�1 (B�H); MS (70 eV): m/z (%):
510.1 (47) [M+]; elemental analysis calcd (%) for C14H20B10Fe1Se2: C
32.96, H 3.95; found: C 32.27, H 4.37.


Syntheses of 6S and 6Se : MeO2C-C�C-CO2Me (0.25 mL, 2.0 mmol) was
added to a red solution of 1S (66.0 mg, 0.2 mmol) or a suspension of 1Se
(85.0 mg, 0.2 mmol) in CH2Cl2 (20 mL). The mixture was stirred for 24 h
and the color changed gradually to dark red. After removal of the sol-
vent, the residue was subjected to chromatography on silica gel. Elution
with CH2Cl2 gave 6S (76 mg, 80%) and 6Se (90 mg, 80%) as a deep red
color.


Compound 6S : Red solid; ; 1H NMR (500 MHz, CDCl3, 25 8C): d =3.77
(s, 3H; OMe), 3.94 (s, 3H; OMe), 5.24 ppm (s, 5H; Cp); 13C NMR
(125 MHz, CDCl3, 25 8C): d=52.6, 52.7 (OMe), 79.2, 98.6 (carborane),
86.7 (Cp), 118.8 (S�C=), 155.2, 177.9 (C=O), 178.8 ppm (Co�C=);
11B NMR (160 MHz, CDCl3, 25 8C): d=�8.30 (3B), �4.62 (2B), �2.11
(5B).


Compound 6Se : Red solid; m.p. 179 8C; 1H NMR (500 MHz, CDCl3,
25 8C): d =3.78 (s, 3H; OMe), 3.94 (s, 3H; OMe), 5.20 ppm (s, 5H; Cp);
13C NMR (125 MHz, CDCl3, 25 8C): d =52.7, 52.8 (OMe), 67.5, 70.7 (car-
borane), 85.6 (Cp), 118.9 (Se�C=), 153.6, 171.5 (C=O), 178.0 ppm (Co-
C=); 11B NMR (160 MHz, CDCl3, 25 8C): d=�7.6 (3B), �6.7 (1B), �4.8
(2B), �3.2 (3B), �1.5 ppm (1B); IR (KBr): ñ =1708 cm�1 (C=O),
2575 cm�1 (B�H); MS (70 eV): m/z (%): 566 (21) [M+]; elemental analy-
sis calcd (%) for C13H21B10Co1O4Se2·0.25H2O: C 27.36, H 3.80; found: C
26.73, H 4.29.


Syntheses of 7S and 8S : A red solution of 6S (0.2 mmol, 95.0 mg) in tol-
uene was heated to 70 8C for 12 h. The color changed to yellow. After the
solvent was removed in vacuo, the residue was subjected to chromatogra-
phy on silica gel and elution with CH2Cl2 gave 7S (28.0 mg, 30%) and 8S
(28.0 mg, 30%).


Compound 7S : Red solid; m.p. 201 8C; 1H NMR (500 MHz, CD2Cl2,
25 8C): d =3.82 (s, 3H; OMe), 3.89 (s, 3H; OMe), 5.41 (s, 5H; Cp),
6.84 ppm (s, 1H; =CH); 13C NMR (125 MHz, CD2Cl2, 25 8C): d=51.8,
52.3 (OMe), 97.1 (carborane), 81.7 (Cp), 141.3 (=CH), 143.7 (br; C�B),
167.0, 171.1 ppm (C=O); 11B NMR (160 MHz, CD2Cl2, 25 8C): d=�7.7
(2B), �6.8 (3B), �6.1 (2B), �4.9 (2B), �4.0 ppm (1B); IR (KBr): ñ=


1709 cm�1 (C=O), 2566 cm�1 (B�H); MS (70 eV): m/z (%): 472 (12) [M+];
elemental analysis calcd (%) for C13H21B10Co1O4S2: C 33.05, H 4.48;
found: C 32.48, H 4.79.


Compound 8S : Blue solid; m.p. 194 8C; 1H NMR (500 MHz, CDCl3,
25 8C): d=2.86 (br s, 1H; B�CH), 3.82 (s, 3H; OMe), 3.83 (s, 3H; OMe),
4.95 ppm (s, 5H; Cp); 13C NMR (125 MHz, CDCl3, 25 8C): d =46.7 (br;
B�CH), 52.5, 52.7 (OMe), 86.1 (Cp), 95.3 (S�C), 97.1, 113.9 (carborane),


171.5, 176.3 ppm (C=O); 11B NMR (160 MHz, CDCl3, 25 8C): d=�11.4
(1B), �5.9 (4B), �5.2 (4B), 2.4 ppm (1B); IR (KBr): ñ=1733, 1704 cm�1


(C=O), 2589 cm�1 (B�H); MS (70 eV): m/z (%): 472 (6) [M+]; elemental
analysis calcd (%) for C13H21B10Co1O4S2: C 33.05, H 4.48; found: C
32.66, H 4.23.


Syntheses of 9S and 10S : MeO2C-C�C-CO2Me (0.25 mL, 2.0 mmol) was
added to a red solution of 7S (94.0 mg, 0.2 mmol) in CH2Cl2 (20 mL),
and the mixture was stirred for 24 h at ambient temperature to give a
brown-red solution. After removal of solvent, the residue was subjected
to TLC and elution with CH2Cl2 gave 9S (72.0 mg, 60%) and 10S
(12.0 mg, 10%).


Compound 9S : Red solid; m.p. 187 8C; 1H NMR (500 MHz, CD2Cl2,
25 8C): d=3.67 (s, 3HR2; OMe), 3.77 (s, 3HR2; OMe), 5.44 (s, 5H; Cp),
6.70 ppm (s, 1HR2; =CH); 13C NMR (125 MHz, CD2Cl2, 25 8C): d =52.1
(OMe), 52.7 (OMe), 82.4 (Cp), 99.7 (carborane), 134.8 (br; B�C=), 141.9
(C=CH), 167.0, 171.1 ppm (C==O); 11B NMR (160 MHz, CD2Cl2, 25 8C):
d=�12.7 (3B), �11.0 (6B), �9.0 ppm (1B); IR (KBr): ñ=1720 cm�1


(C=O), 2567 cm�1 (B�H); MS (70 eV): m/z (%): 615 (6) [M+]; elemental
analysis calcd (%) for C19H27B10Co1O8S2: C 37.13, H 4.43; found: C
36.73, H 4.87.


Compound 10S : Blue solid; 1H NMR (500 MHz, CDCl3, 25 8C): d=2.85
(br s, 1H; B�CH), 3.79 (s, 3H; OMe), 3.83 (s, 3H; OMe), 3.86 (s, 3H;
OMe), 3.96 (s, 3H; OMe), 4.87 (s, 5H; Cp), 7.45 ppm (s, 1H; =CH);
13C NMR (125 MHz, CDCl3, 25 8C): d=29.4 (br; B�CH), 52.2, 52.5, 52.6,
52.7 (OMe), 85.7, 98.5 (carborane), 86.3 (Cp), 97.0 (S�C), 143.2 (=CH),
166.9, 169.7, 171.5, 176.4 ppm (C=O); 11B NMR (160 MHz, CDCl3,
25 8C): d=0.5 (1B), �5.0 (1B), �8.7 (7B), �13.7 ppm (1B); IR (KBr):
ñ=1723 cm�1 (C=O), 2577 cm�1 (B�H); MS (70 eV): m/z (%): 615 (20)
[M+]; elemental analysis calcd (%) for C19H27B10Co1O8S2: C 37.13, H
4.43; found: C 36.63, H 4.80.


Synthesis of 11S : HC�C-CO2Me (0.25 mL, 2.0 mmol) was added to a so-
lution of 7S (94.0 mg, 0.2 mmol) in CH2Cl2 (20 mL), and the mixture was
stirred for 24 h at ambient temperature to give a brown-red solution.
After removal of solvent, the residue was subjected to TLC and elution
with CH2Cl2 gave 11S (89.0 mg, 80%). Red solid; 1H NMR (500 MHz,
CD2Cl2, 25 8C): d=3.64 (s, 3H; OMe), 3.68 (s, 3H; OMe), 3.78 (s, 3H;
OMe), 5.18 (d, 3J (H,H)=15 Hz, 1H; B-CH=CH), 5.41 (s, 5H; Cp), 6.23
(br d, 3J (H,H)=15 Hz, 1H; B-CH=CH), 6.72 ppm (s, 1H; C=CH);
13C NMR (125 MHz, CD2Cl2, 25 8C): d=51.4, 52.0, 52.7 (OMe), 82.2
(Cp), 99.1 (carborane), 134.6 (B�CH=CH), 135.2 (br; B�CH=CH), 141.7
(C=CH�C(O)), 167.1, 171.2 ppm (C=O); 11B NMR (160 MHz, CD2Cl2,
25 8C): d=�12.9 (3B), �11.1 (4B), �10.1 ppm (3B); IR (KBr): ñ =1711,
1722 cm�1 (C=O), 2566 cm�1 (B�H); MS (70 eV): m/z (%): 556 (37) [M+


]; elemental analysis calcd (%) for C17H25B10Co1O6S2: C 36.69, H 4.53;
found: C 35.98, H 4.94.


X-ray crystallography : Crystals suitable for X-ray analysis were obtained
by slow evaporation of a solution in petroleum ether/dichloromethane.
Diffraction data were collected on a Bruker SMART Apex II CCD dif-
fractometer by means of graphite-monochromated MoKa (l=0.71073 P)
radiation at 273 K. During collection of the intensity data, no significant
decay was observed. The intensities were corrected for Lorentz-polariza-
tion effects and empirical absorption by using the SADABS program.[20]


The structures were solved by direct methods with the SHELXL-97 pro-
gram.[21] All non-hydrogen atoms were found from the difference Fourier
syntheses. The H atoms were included in the calculated positions with
isotropic thermal parameters related to those of the supporting carbon
atoms, but were not included in the refinement. All calculations were
performed by using the Bruker Smart program.
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Organocatalytic Enantioselective Synthesis of Highly Functionalized
Polysubstituted Pyrrolidines
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Introduction


In recent years, organocatalysis has emerged as an excellent
tool for the asymmetric synthesis of optically active com-
pounds through operationally simple and environmentally
friendly methodologies.[1] Many research groups worldwide
have shown that one of the main advantages of this method-
ology is that relatively complex molecules can be easily pre-
pared starting from readily available starting materials
under efficient stereochemical control. The fact that most of
the organocatalytic reactions reported tolerate the presence
of water and oxygen, which allows them to be performed
without having to use dried solvents or inert atmosphere, to-


gether with the commercial availability of many of the cata-
lysts employed, has contributed to the rapid growth of this
methodology in the field of organic synthesis.
A particular approach in this area involves the use of sec-


ondary amines as chiral catalysts. In this context, many
methodologies have appeared for carrying out the a-func-
tionalization, b-functionalization, and g-functionalization of
carbonyl compounds (aldehydes and/or ketones). As has
been demonstrated, the catalytic systems necessary for the
aforementioned transformations are generated through the
activation of carbonyl compounds by the formation of an
enamine,[2] iminium ion,[3] dienamine,[4] or iminium radical[5]


intermediate. In these transformations, various types of new
bonds can be formed, depending on both the nucleophile
and electrophile components involved in the reaction. Thus,
many successful methodologies have been reported for the
stereocontrolled formation of C�C, C�N, C�O, C�S, C�Se,
and C�halogen bonds. Furthermore, the possibility of utiliz-
ing differently substituted or conveniently functionalized
starting materials has led to the synthesis of many optically
active compounds with broad spectra of substitution pat-
terns, increasing the interest of these adducts for further
modification in so-called diversity-oriented synthesis
(DOS).[6] Surprisingly, despite the already mentioned evi-
dent practical advantages of asymmetric organocatalysis,
there have been relatively few literature reports concerning


Abstract: The organocatalytic conju-
gate addition of different aldehydes to
b-nitroacrolein dimethyl acetal, gener-
ating the corresponding highly func-
tionalized nitroaldehydes in high yields
and with high stereoselectivities, has
been studied in detail. These transfor-
mations have been achieved by using
both readily available starting materials
in a 1:1 ratio as well as commercially
available catalysts at a 10 mol% cata-
lyst loading. Furthermore, a very short


and efficient protocol has been devised
for the preparation of highly enan-
tioenriched pyrrolidines containing two
or three contiguous stereocenters start-
ing from the obtained Michael adducts.
3,4-Disubstituted pyrrolidines have


been obtained in a single step by Zn-
mediated chemoselective reduction of
the nitro group followed by intramolec-
ular reductive amination, and trisubsti-
tuted homoproline derivatives have
been prepared by means of an olefina-
tion reaction and a cascade process in-
volving chemoselective reduction of
the nitro group followed by a fully dia-
stereoselective intramolecular aza-
Michael reaction.
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the direct application of this methodology to the synthesis
of natural or pharmaceutically active products.[7]


In this context, the organocatalytic Michael reaction has
become a powerful tool for the stereocontrolled synthesis of
chiral compounds containing two or more stereogenic cen-
ters.[8] A particularly interesting variant of this transforma-
tion is the chiral amine-catalyzed conjugate addition of alde-
hydes to nitroalkenes,[9,10] in which the obtained adducts
constitute versatile molecules that can be transformed into
many useful chiral compounds by exploiting the intrinsic re-
activity of the formyl moiety and, more especially, the nitro
group.[11] However, although this transformation has been
extensively studied by a number of research groups, the use
of functionalized starting materials suitably predisposed for
the preparation of polyfunctionalized compounds as inter-
mediates for the synthesis of biologically relevant molecules
still remains rather unexplored.[12]


Related to this topic, previous results obtained by our re-
search group (Scheme 1) have demonstrated that commer-
cially available l-prolinol can be used as an excellent orga-
nocatalyst in the conjugate addition of structurally diverse
aldehydes to b-nitroacrolein dimethyl acetal (a functional-
ized nitroalkene).[13] The reactions proceed with good yields
and enantioselectivities with a wide range of different alde-
hyde donors and, remarkably, require a 1:1 molar ratio of
nucleophile/electrophile and a rather low substrate/catalyst
ratio (up to 1 mol%). In this context, the use of b-nitroacro-
lein dimethyl acetal as a Michael acceptor represents a real
advantage in this reaction because its high electrophilicity
allows complete consumption of the starting aldehyde donor
reagent in the presence of a small amount of catalyst. It has
to be pointed out that in many of the examples described in


the literature a large excess of the aldehyde along with a
20–30 mol% catalyst loading were necessary in order to
obtain complete conversion in this type of transformation.[14]


On the other hand, several limitations were reported in
the preliminary studies, such as the long reaction times re-
quired to achieve synthetically useful yields and, more sig-
nificantly, the low diastereoselectivity provided by the cata-
lyst, which resulted in the final adducts being isolated as
mixtures of syn/anti diastereoisomers in variable propor-
tions. In this paper, we wish to present a detailed study
aimed at improving this transformation, which has been es-
pecially directed towards overcoming the aforementioned
limitations found in our first study. Furthermore, we have
also explored the synthetic possibilities of the obtained poly-
functionalized adducts, which has led to a direct and effi-
cient synthetic protocol for the stereocontrolled preparation
of substituted pyrrolidines containing two or three contigu-
ous stereogenic centers.


Results and Discussion


We started by trying to improve our recently reported con-
ditions for the Michael addition of aldehydes to b-nitroacro-
lein dimethyl acetal (2) using the reaction between propanal
(1a) and 2 as a model system (Scheme 2). In our previous
report, we had observed that prolinol (3a) was a very effi-
cient catalyst for the reaction, but other simple amino alco-
hols such as a,a-diphenylprolinol (3b) and indolinemetha-
nol (3c) as well as the a-amino acid 2-indolinecarboxylic
acid (3d) were also able to promote the reaction, leading to
higher enantioselectivities compared to those furnished by
other commercially available chiral amines tested. We there-
fore decided to reinvestigate the use of these catalysts under
different reaction conditions (Table 1), comparing the results
with those obtained under the optimal conditions found in
our preliminary report, which involved stirring a solution of
the requisite aldehyde and b-nitroacrolein dimethyl acetal in
iPrOH at RT using 3a (10 mol%) as catalyst (entry 1). In all
cases, we carried out the reaction using equimolar amounts
of nitroalkene acceptor and aldehyde donor.
As can be seen in Table 1, when a-amino acid 3d was em-


ployed as catalyst, a strong solvent effect was found. Thus,
no reaction occurred in a protic solvent such as iPrOH
(entry 2), while the use of THF furnished the Michael
adduct 4a in higher yield, and with higher diastereo- and


Abstract in Spanish: Se ha estudiado detalladamente la reac-
ci�n de adici�n conjugada organocatal�tica enantioselectiva
de distintos aldeh�dos con el dimetil acetal de b-nitroacrolei-
na, obteni�ndose los aductos correspondientes con excelente
rendimiento y diastereo- y enantioselectividad. Esta transfor-
maci�n se lleva a cabo empleando cantidades equimolares de
aldeh�do y nitroalqueno as� como aminas secundarias quira-
les disponibles comercialmente como catalizadores en canti-
dad de 10% molar. Adem(s, se ha puesto a punto un proto-
colo sencillo y eficaz para la s�ntesis de pirrolidinas enan-
tioenriquecidas conteniendo dos o tres estereocentros cont�-
guos partiendo de los aductos Michael obtenidos. As�, se han
preparado pirrolidinas 3,4-disustituidas desde sus precursores
nitroaldeh�dicos a trav�s de un proceso en cascada consisten-
te en la reducci�n quemoselectiva del grupo nitro seguido de
una reacci�n de aminaci�n reductora intramolecular. Del
mismo modo, partiendo de los mismos precursores, se han
preparado derivados de homoprolina con tres centros este-
reog�nicos mediante una reacci�n de Wittig seguida de un
proceso en cascada de reducci�n/reacci�n aza-Michael intra-
molecular, cursando esta fflltima con total diastereoselectivi-
dad.


Scheme 1. l-Prolinol-catalyzed Michael reaction of aldehydes and b-ni-
troacrolein dimethyl acetal developed by our group.
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enantioselectivity, than was observed for the parent proli-
nol-catalyzed reaction (cf. entries 3 and 1), although a very
long reaction time was required. Changing to the more
polar solvent DMF (entry 4) resulted in a significant de-
crease in the enantioselectivity. No improvement was ob-
served when we employed acid additives in the reaction,
which are known to help in the formation of the intermedi-
ate enamine nucleophile in the catalytic cycle (entries 5 and
6). We next proceeded to evaluate indolinemethanol 3c as
catalyst, observing that this catalyst generally provided
better yields and stereoselectivities than 3d. The reaction in
iPrOH afforded 4a in modest yield (entry 7), and when
THF was employed as solvent a very long time was required
to attain a similar yield of the adduct (entry 8). Carrying out
the reaction in DMF led to a moderate yield of the Michael
adduct with good diastereo- and enantioselectivity (entry 9),
and a noticeable increase in the yield was observed when
the reaction was carried out in the presence of excess alde-
hyde (entry 10) or when a Brønsted acid additive was incor-
porated into the reaction design (entry 11). Interestingly, the
addition of 2 equiv of water to the reaction mixture also re-
sulted in a slight increase in the yield, without having any
negative effect on the stereoselectivity (entry 12).[15] This
might be attributed to the
action of water in preventing
the formation of stable oxazo-
lidine by-products between
either of the aldehydes present
in the reaction medium (the
starting material or the final
adduct) and the amino alcohol
catalyst that would eventually
lead to catalyst consumption.
Finally, we evaluated the use
of a,a-diphenylprolinol 3b as
catalyst for this transformation,
and again observed that very
long reaction times were re-
quired in THF in order to ach-
ieve a modest yield of 4a
(entry 13), while the use of
DMF as solvent (entry 14) al-
lowed a similar yield of the Mi-
chael adduct to be obtained in
a much shorter reaction time,


as well as an improvement in the diastereoselectivity (syn/
anti 9:1). As was observed with catalyst 3c, the inclusion of
2 equiv of water as an additive (entry 15) resulted in a sig-
nificant enhancement in the yield of the reaction (62% in
just 24 h). In all cases, catalyst 3b provided an excellent
degree of enantioselection.
As a remarkable feature, it has to be pointed out that the


use of indoline-containing catalysts 3c and 3d furnished the
final adduct 4a with opposite absolute configuration com-
pared to the reaction catalyzed by 3a or 3b. This can be
seen as another advantageous aspect of this methodology
because all the catalysts employed in this study belong to
the l-series of the corresponding a-amino acids from which
they are obtained, which is the more abundant enantiomer
usually present in natural sources.
We anticipated that, as previously mentioned, the forma-


tion of inactive oxazolidine by-products could account for
the lower activity and might therefore explain the long reac-
tion times required to attain high yields of the Michael
adduct, even in the presence of water as an additive. The
possibility of oxazolidine formation no longer exists when
the alcohol moiety is modified in the form of a silyl or alkyl
ether and, moreover, the introduction of bulky trialkylsilyl
substituents would result in additional steric requirements
during the formation of the new stereocenters and therefore
lead to an improvement in diastereo- and enantioselectivity.
In addition, O-silylated derivatives would be expected to ex-
hibit enhanced solubility in organic solvents as compared to
their amino alcohol counterparts, which would also result in
an improved catalyst performance. For these reasons, we de-
cided to evaluate the use of prolinol ether derivatives 3e
and 3 f as potentially more active catalysts than the parent
amino alcohol 3a (Table 2). We also extended our study to
diphenylprolinol silyl ether 3g, which has been successfully


Scheme 2. Catalysts tested in the Michael reaction of propanal and b-ni-
troacrolein dimethyl acetal.


Table 1. Screening of the organocatalytic Michael reaction of propionaldehyde with nitroacrolein dimethyl
acetal in the presence of amino acid 3d or amino alcohols 3a–c.[a]


Entry Solvent Catalyst Additive t [h] Yield [%][b] syn/anti[c] ee [%][d]


1 iPrOH 3a – 12 74 1.7:1 80
2 iPrOH 3d – 168 <5 – –
3 THF 3d – 312 76 3.5:1 �85[e]
4 DMF 3d – 72 19 2.2:1 �57[e]
5 DMF 3d p-TsOH[f] 168 <5 – –
6 DMF 3d Ph2CHCO2H


[f] 72 18 3.6:1 �52[e]
7 iPrOH 3c – 72 20 20:1 �96[e]
8 THF 3c – 312 21 3.3:1 �88[e]
9 DMF 3c – 72 55 9.8:1 �91[e]
10 DMF[g] 3c – 72 64 7.4:1 �93[e]
11 DMF 3c Ph2CHCO2H


[f] 72 66 8.2:1 �96[e]
12 DMF 3c H2O


[h] 72 62 9.6:1 �98[e]
13 THF 3b – 240 16 2.1:1 92
14 DMF 3b – 168 35 9.0:1 98
15 DMF 3b H2O


[h] 24 62 10:1 98


[a] Reaction carried out on a 1.00 mmol scale using 1 equiv each of 1a and 2 with 10 mol% of catalyst in the
specified solvent and at RT. [b] Isolated yield after flash column chromatography. [c] Determined by NMR
analysis of the reaction mixture. [d] Calculated from chiral GC data after transformation to the corresponding
acetal derived from propane-1,3-diol. [e] The opposite enantiomer was obtained. [f] 10 mol% of the additive
was added to the reaction mixture. [g] Reaction carried out with 5 equiv of aldehyde. [h] Reaction carried out
in the presence of 2 equiv of water.
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employed as a very efficient organocatalyst in other trans-
formations.[16]


As can be seen in Table 2, modification of the free hy-
droxyl group in prolinol with a methyl or silyl ether led to a
more active catalyst, as was expected, providing better
yields of the Michael adduct in shorter reaction times (en-
tries 1 and 2), although key parameters such as the diaster-
eo- and enantioselectivity were adversely affected by these
structural changes in the catalyst. On the other hand, the
3g-catalyzed reaction (entry 3) proceeded much more rapid-
ly than the parent reaction catalyzed by amino alcohol 3b
(cf. entry 3 in Table 2 with entry 13 in Table 1), while main-
taining a high level of stereoselectivity, although the results
were not much better than those obtained with simple l-
prolinol 3a in our preliminary study (see entry 1 in Table 1).
Changing the solvent to DMF did not significantly improve
the performance of this catalyst (entry 4 in Table 2), but, to
our delight, when we carried out the reaction in the pres-
ence of 2 equivalents of water, a good yield of the desired
Michael adduct 4a was obtained in a much shorter time
(24 h), while maintaining high diastereoselectivity and excel-
lent enantioselectivity.
Therefore, after analyzing all of the results obtained


during the catalyst screening process, it can be stated that
we have found a suitable and improved synthetic protocol
for carrying out the Michael reaction of propanal and b-ni-
troacrolein dimethyl acetal using small chiral organic mole-
cules as catalysts. The optimal reaction conditions found for
the synthesis of both enantiomers of Michael adduct 4a are
summarized in Scheme 3.
The observed absolute configuration of adduct 4a ob-


tained in the reaction catalyzed by the O-silyldiarylprolinol
3g can be explained in terms of a mechanistic pathway such
as that depicted in Scheme 4. In a first step, propanal and
catalyst 3g would condense to form a stereodefined nucleo-
philic enamine intermediate. This enamine would then react
with the nitroalkene electrophile, and a final hydrolysis step


should release the Michael
adduct 4a and the free catalyst
3g, which would be ready to
participate in a subsequent cat-
alytic cycle. The key to the suc-
cess of catalyst 3g is the effect
exerted by the bulky diphe-
nyl(trimethylsilyloxy)methyl
substituent at the pyrrolidine
ring, which results in very effi-
cient geometry control of the
enamine intermediate together
with an excellent ability to dis-
criminate between its diaste-
reotopic faces. The observed
syn-diastereoselectivity may be
rationalized in terms of an acy-
clic synclinal transition state,
as proposed by Seebach and


Table 2. Screening of the organocatalytic Michael reaction of propionaldehyde with nitroacrolein dimethyl
acetal in the presence of catalysts 3e–g.[a]


Entry Solvent Catalyst Additive t [h] Yield [%][b] syn/anti[c] ee [%][d]


1 THF 3e – 24 81 1.2:1 68
2 THF 3 f – 24 75 1:1.4 64
3 THF 3g – 72 75 4.5:1 97
4 DMF 3g – 72 79 5.8:1 98
5 DMF 3g H2O


[e] 24 86 6.0:1 >99


[a] Reaction performed on a 1.00 mmol scale using 1 equiv each of 1a and 2 with 10 mol% of catalyst in the
specified solvent and at RT. [b] Isolated yield after FC. [c] Determined by NMR spectrometric analysis of the
reaction mixture. [d] Calculated from chiral GC data after transformation to the corresponding acetal derived
from propane-1,3-diol. [e] Reaction performed in the presence of 2 equiv of water.


Scheme 3. Optimal conditions found for the organocatalytic enantioselec-
tive Michael reaction between propanal and b-nitroacrolein dimethyl
acetal. a) 3g (10 mol%), H2O (2 equiv), DMF, RT, 24 h. b) 3c
(10 mol%), H2O (2 equiv), DMF, RT, 72 h.


Scheme 4. Proposed catalytic cycle and transition state for the 3g-cata-
lyzed Michael reaction of propanal and 2.
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Golinski,[17] in which electro-
static interactions between the
partially positive nitrogen of
the enamine and the negative-
ly charged oxygen atoms of
the nitro group are invoked.
The difference in the sense


of enantiodiscrimination exert-
ed by indoline-derived cata-
lysts 3c and 3d and the other
proline-derived catalysts 3a,
3b, and 3e–g can be easily ex-
plained in terms of the prefer-
ential formation of two differ-
ently arranged enamine inter-
mediates during the activation
of the aldehyde donor by the
catalyst. It is well known that
O-silylated diphenylprolinol-
derived enamines adopt a pref-
erential conformation in which
the substituent at the pyrroli-
dine ring and the enamine sub-
stituent (Me in this case)
remain as far as possible from
each other in order to avoid
steric crowding.[18] On the
other hand, indolinecarboxylic
acid-derived enamines adopt
the opposite conformation in
order to minimize steric inter-
actions between the enamine
substituent and the a-hydrogen
of the aromatic ring
(Figure 1).[19]


Having established an opti-
mized protocol, we then pro-
ceeded to extend this method-


ology to other aldehyde donors with different substitution
patterns in order to gain further insight into the scope and
limitations of the method with regard to the aldehyde sub-
strate (Scheme 5). It was envisaged that this would provide
access to a wide range of differently substituted, highly func-
tionalized, enantioenriched nitroalkanes of high synthetic
potential due to the presence of the nitro group together
with two chemically differentiated formyl groups. The re-
sults obtained are summarized in Table 3, together with a


comparison with the previously reported reactions employ-
ing catalyst 3a.
As Table 3 shows, a broad range of differently substituted


aldehydes could be used in the conjugate addition reaction,
affording the desired polyfunctionalized products. As can be
seen, the yields obtained in all the reactions ranged from
good to excellent, and in almost all cases the use of catalyst
3g improved the conversion of the reaction or allowed it to
be carried out in a shorter time compared to when catalyst


Figure 1. Conformations of the most favored enamines formed with cata-
lysts 3g and c, respectively.


Table 3. Organocatalytic enantioselective Michael reaction of 2 and different aldehydes catalyzed by 3g and
3a.[a]


Entry Aldehyde Product Catalyst t [h] Yield [%][b] syn/anti[c] ee [%][d]


1
3g
3a


24
12


86
74


6.0:1
1.7:1


>99
80


2
3g
3a


48
48


63
75


11:1
3.7:1


>99
80


3
3g
3a


72
72


85
65


>20:1
1.7:1


>99
80


4
3g
3a


72
72


61
63


>20:1
2:1


92
83


5
3g
3a


72
70


75
46


>20:1
9:1


>99
88


6
3g
3a


72
72


81
63


3:1
1.3:1


>99
82


7
3g
3a


48
36


85
99


1.5:1
1.3:


>99
40


8
3g
3a


72
48


<5
99


n.d.[e]


1.5:1
n.d.[e]


97


[a] Reaction performed on a 1.00 mmol scale using 1 equiv each of 1 and 2 with 10 mol% of catalyst in the
specified solvent and at RT. For data concerning the use of catalyst 3a in this reaction, see ref.[13] [b] Isolated
yield after FC. [c] Determined by NMR spectrometric analysis of the reaction mixture. [d] Calculated from
chiral GC or HPLC data (see the Supporting Information). [e] n.d.=Not determined.


Scheme 5. Organocatalytic enantioselective Michael reaction between al-
dehydes and b-nitroacrolein dimethyl acetal catalyzed by 3g or 3a. a) 3g
(10 mol%), H2O (2 equiv), DMF, RT, or 3a (10 mol%), iPrOH, RT.
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3a was used. For example, the 3a-catalyzed reaction of 1e
and 2 (R= iPr) furnished 4e in 46% yield, while when cata-
lyst 3g was employed the yield was increased to 75%
(entry 5). However, the most important advantage associat-
ed with the use of catalyst 3g was found in the diastereo-
and enantioselectivities of the reactions, which were signifi-
cantly improved in all cases, with the adducts 4a–g being ob-
tained in syn/anti ratios of up to >20:1 with 92% ee or
higher. The only exceptions were found for the reaction
with phenylacetaldehyde (entry 7), which furnished the Mi-
chael adduct 4g as a 1.5:1 mixture of diastereoisomers,
albeit with excellent enantioselectivity, and in the case of
benzyloxyacetaldehyde (entry 8), in which case the 3g-medi-
ated reaction furnished only traces of the conjugate addition
product 4h whereas the use of l-prolinol 3a allowed the
preparation of functionalized nitroalkane 4g in excellent
yield and with moderate diastereoselectivity.


g-Nitroaldehydes 4b–g were found to be somewhat unsta-
ble compounds and therefore, for better characterization
and handling purposes, we decided to transform these ad-
ducts into the corresponding more stable acetates 5b–g
through a reduction/esterification procedure (Scheme 6).
Thus, nitroaldehydes 4 were subjected to reduction of the
formyl group with NaBH4 in MeOH, and then the obtained
alcohols were directly esterified with acetic anhydride in the
presence of a catalytic amount of DMAP. The obtained
esters could be conveniently characterized, and we also em-
ployed these acetate derivatives to determine the enantiose-
lectivity of the Michael reaction because in this form the
two enantiomers could be easily separated by chiral GC,
which could not be accomplished with their g-nitroaldehyde
precursors 4b–g under all conditions examined.


We also investigated the pos-
sibility of carrying out the Mi-
chael reaction using ketones as
Michael donors (Scheme 7). It
has to be pointed out that the
amine-catalyzed enantioselec-
tive Michael reaction of ke-
tones with nitroalkenes is a
rather undeveloped transfor-
mation compared with the
parent reaction using alde-
hydes as donors.[20] Moreover,
it is very often found in this
case that the catalysts that per-
form well in the addition of ke-


tones to nitroalkenes usually give poor results when the
same reaction is carried out using aldehydes.
In the present case, catalyst 3g proved to be completely


inactive in this transformation when we attempted the reac-
tions of b-nitroacrolein dimethyl acetal 2 with cyclohexa-
none 6a and acetone 6d, but, on the other hand, l-prolinol
(3a) turned out to be an effective catalyst for this transfor-
mation (Table 4).[22] In fact, when we examined the reaction
of cyclohexanone (6a) and 2 catalyzed by 3a under the opti-
mal conditions that we had established when employing al-
dehydes as donors, the Michael adduct 7a was obtained in
moderate yield but with excellent diastereo- and enantiose-
lectivities (entry 1). We also surveyed other solvents with a
view to improving the yield of the reaction (entries 2–5), ob-
serving that it could be improved by using polar aprotic sol-
vents such as THF (entry 2) or DMF (entry 3) without sig-
nificantly affecting the stereoselectivity. We extended these
reaction conditions to other cyclic ketones such as cyclopen-
tanone (6b) (entry 6) and cycloheptanone (6c) (entry 7), ob-
serving that the reactions became very slow and furnished
only low yields of the Michael adducts, which were accom-
panied by large amounts of the starting materials. Acetone
was also tested as a Michael donor but, in this case, the
enantioselectivity of the reaction was significantly lower (en-
tries 8 and 9).


Synthesis of trisubstituted pyrrolidines : The pyrrolidine ring
is a ubiquitous structural feature shared by many natural
products and drugs. As a consequence, the development of
short, versatile, and efficient procedures for the stereocon-
trolled preparation of pyrrolidines represents a very impor-
tant field of research for organic chemists.[23] Enantiomeri-


Scheme 6. Transformation of g-nitroaldehydes 4 into esters 5. a) NaBH4,
MeOH, RT. b) Ac2O, DMAP, CH2Cl2, RT. DMAP=4-dimethylaminopyr-
idine.


Scheme 7. Organocatalytic enantioselective Michael reaction of ketones
and b-nitroacrolein dimethyl acetal.[21]


Table 4. Screening of the 3a-catalyzed Michael reaction of ketones with 2.[a]


Entry Ketone Product Solvent Yield [%][b] syn/anti[c] ee [%][d]


1 6a 7a iPrOH 27 >20:1 96
2 6a 7a THF 51 >20:1 97
3 6a 7a DMF 44 >20:1 91
4 6a 7a toluene 16 >20:1 95
5 6a 7a CHCl3 20 >20:1 87
6 6b 7b THF 30 >20:1 87
7 6c 7c THF 10 >20:1 n.d.
8 6d 7d THF 20 – 43
9 6d 7d acetone 40 – 43
10 6d 7d iPrOH 56 – 70


[a] Reaction carried out on a 1.00 mmol scale using 1 equiv each of 6 and 2 with 10 mol% of catalyst in the
specified solvent and at RT. [b] Isolated yield after FC. [c] Determined by NMR spectrometric analysis of the
reaction mixture. [d] Calculated from chiral GC data.
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cally pure pyrrolidines and derivatives are compounds of
great interest, which have found application as chiral re-
agents or catalysts for use in the field of organic synthesis,
and are also very important biologically active compounds
with potential therapeutic applications in medicine.
Taking into account the importance of providing new


methodologies for the synthesis of enantioenriched polysub-
stituted pyrrolidines bearing different functional groups, we
decided to prepare a variety of different derivatives with a
homoproline general structure using our newly developed
methodology. Thus, a short retrosynthetic analysis, as shown
in Scheme 8, shows that pyrrolidines can be obtained after


an intramolecular aza-Michael reaction of a conveniently
substituted w-amino-a,b-unsaturated ester intermediate, the
amino group in which can be formed from the correspond-
ing nitro derivative by chemoselective reduction. This w-
nitro-a,b-unsaturated ester derivative should be easily acces-
sible from our adducts 4a–g by a simple olefination proce-
dure. It has to be pointed out that a key step in this synthe-
sis relies upon the intramolecular aza-Michael addition, in
which a third new stereogenic center is created. In this con-
text, it is expected that the chiral information already pres-
ent in the aminoenoate precursor should exert effective
asymmetric induction in the formation of this new stereo-
center, although special attention would have to be paid to
the experimental conditions for carrying out this transforma-
tion in order to obtain the final compounds as single diaste-
reoisomers.
We proceeded to carry out the synthesis according to the


proposed synthetic plan using adduct 4a as a model sub-
strate, and therefore we started with the projected olefina-
tion reaction in order to obtain the w-nitro-a,b-unsaturated
ester 8a (Scheme 9). We first explored the use of a Horner–
Wadsworth–Emmons olefination procedure under condi-
tions previously found to be appropriate in a similar con-
text[24] and, in fact, when we carried out the reaction be-
tween 4a and ethyl 2-(diethoxyphosphoryl)acetate in the
presence of DBU, we obtained the expected w-nitro-a,b-un-
saturated ester 8a in excellent yield but as a disappointing
1:1 mixture of diastereoisomers due to epimerization of the
stereocenter at the a-position of the starting aldehyde. This
epimerization process could not be avoided by changing the
solvent, the base, or the temperature. We attributed the epi-
merization of the a-stereocenter of the starting material to
the acidity of the proton at this position, which could under-
go a fast deprotonation/protonation process under the basic
conditions required for the HWE olefination reaction. For


this reason, we decided to switch to a Wittig reaction as an
alternative protocol for the preparation of adduct 8a under
neutral reaction conditions. Thus, when we stirred a solution
of Michael adduct 4a and ethoxycarbonylmethylenetriphe-
nylphosphorane in CH2Cl2 at room temperature, we were
able to isolate the a,b-unsaturated ester 8a in good yield
(88%) and without epimerization at the a-stereocenter.
We next proceeded to carry out chemoselective reduction


of the nitro group in the presence of the a,b-unsaturated
ester moiety, which was accomplished by treating adduct 8a
with Zn in AcOH followed by basification, standard work-
up, and final purification by flash chromatography. To our
delight, the reaction proceeded in a very clean way, directly
furnishing pyrrolidine 9a (Scheme 10). This indicates that a
clean and selective reduction of the nitro group occurred,
followed by an intramolecular aza-Michael reaction, which
most probably occurred after basifying the reaction mixture
and during work-up. In addition, we also found that the cyc-
lization step proceeded with complete diastereoselectivity,
furnishing a single diastereoisomer, as indicated by NMR
analysis of the crude reaction mixture. This also indicates
that the chirality present in the w-amino-a,b-unsaturated
ester precursor was able to exert very effective asymmetric
induction during the aza-Michael reaction step. The configu-
ration of the newly created stereogenic center was deter-
mined by NOE experiments, which showed a 1,2-trans rela-
tionship with the methyl substituent at the adjacent stereo-
center and a 1,3-cis relationship with the dimethoxymethyl
substituent (Scheme 10).
These conditions were extended to the rest of the nitroal-


dehydes 4b–g, showing that this reaction sequence could be
easily performed in all cases, furnishing the target trisubsti-
tuted homoproline products 9b–g in only two steps
(Table 5). The olefination step proceeded in good yield in
each case[25] and without any appreciable epimerization at
the stereogenic centers created during the organocatalytic
enantioselective Michael reaction step. Moreover, the final
reduction/cyclization step also took place with complete dia-


Scheme 8. Retrosynthetic analysis for the synthesis of homoproline deriv-
atives.


Scheme 9. Olefination of adduct 4a. a) (EtO)2P(O)CH2CO2Et, DBU,
CH2Cl2, RT. b) Ph3P=CHCO2Et, CH2Cl2, RT.


Scheme 10. Synthesis of homoproline derivative 9a. a) Zn, AcOH, RT.
b) NaOH (pH 12)
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stereoselectivity regarding the generation of the third ste-
reocenter, thus cleanly furnishing the target pyrrolidines
9b–g as single diastereoisomers of high enantiomeric purity.


Synthesis of disubstituted pyrrolidines : A direct access to
chiral 3,4-disubstituted pyrrolidines using Michael adducts
4a–g was also envisaged by carrying out a cascade process
consisting of chemoselective reduction of the nitro group
followed by intramolecular reductive amination (Table 6).
To our delight, when we treated g-nitroaldehyde 4d with Zn
in AcOH, a clean reaction occurred and we were able to
isolate pyrrolidine 10d in excellent yield as a single diaste-
reoisomer. This shows that the reduction/reductive amina-
tion cascade process also proceeded without epimerization
at the a-stereocenter of the starting material, which was ex-
pected to be fairly prone to racemization during the reduc-
tive amination step through imine/enamine tautomerization.


These conditions were extended to all of the Michael ad-
ducts 4, furnishing pyrrolidines 10a–g in excellent yields and
as single diastereoisomers in all cases.[26]


Conclusion


We have improved our recently developed protocol for car-
rying out the organocatalytic conjugate addition of different-
ly substituted aldehydes to b-nitroacrolein dimethyl acetal
(a functionalized nitroalkene). The use of commercially
available (S)-2-(trimethylsilyloxydiphenylmethyl)pyrrolidine
(3g) as catalyst provided the final adducts in good yields, in
shorter reaction times, and with higher enantio- and diaste-
reoselectivities than those provided by l-prolinol, which was
found to be the most efficient catalyst in our previous study.
Moreover, the corresponding Michael adducts could be


Table 5. Synthesis of the a,b-unsaturated esters 8 and pyrrolidines 9.


Entry Substrate Product Yield
[%][a]


Product Yield
[%][a]


1 4a 88 68


2 4b 85 64


3 4c 78 66


4 4d 74 44


5 4e 73 71


6 4 f 45 84


7 4g 69 51


[a] Isolated yield after flash column chromatography.


Table 6. Synthesis 3,4-disubstituted pyrrolidines 10.


Entry Substrate Product Yield [%][a]


1 51[b]


2 74


3 75


4 81


5 79


6 75


7 80


[a] Isolated yield after flash column chromatography. [b] The reaction
was carried out at �15 8C (see ref. [26]).
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easily transformed into highly functionalized enantioen-
riched pyrrolidines by two different methodologies. Pyrroli-
dines containing three stereogenic centers were obtained by
a new protocol relying on a Wittig olefination reaction fol-
lowed by a cascade process consisting of chemoselective re-
duction of the nitro group followed by a base-promoted
fully diastereoselective intramolecular aza-Michael reaction.
Alternatively, 3,4-disubstituted pyrrolidines were obtained
in a single step from the Michael adducts by another cas-
cade process consisting of chemoselective reduction fol-
lowed by intramolecular reductive amination. The method-
ology presented herein constitutes a very efficient, short
(three steps from nitroacrolein dimethyl acetal for the syn-
thesis of trisubstituted pyrrolidines and only two steps for
the 3,4-disubstituted derivatives), and modular approach for
the construction of differently substituted stereodefined pro-
line derivatives, which are molecules of interest due to their
substitution pattern involving well differentiated functionali-
ties suitable for further modifications.


Experimental Section


General procedure for the organocatalytic Michael reaction of aldehydes
1a–h and b-nitroacrolein dimethyl acetal 2; enantioselective synthesis of
nitroaldehydes 4a–g and nitroesters 5b–g : An ordinary vial equipped
with a magnetic stirring bar was charged with catalyst 3g (0.10 mmol,
10 mol%), DMF (2.0 mL), and the appropriate aldehyde 1a–g
(1.0 mmol), and stirring was maintained at RT for 5 min. Nitroalkene 2
(1.0 mmol) and H2O (2.0 mmol) were then added and the mixture was
stirred at RT until completion of the reaction. The crude reaction mixture
was then directly applied to a column of silica gel and subjected to flash
chromatography (n-hexane/AcOEt 8:2), yielding the target g-nitroalde-
hydes 4a–g as colorless oils. For the purposes of better characterization
and ee determination, aldehydes 4b–g were transformed into the corre-
sponding acetates by reduction/esterification. This was carried out by dis-
solving the respective aldehydes 4b–g in MeOH (2 mL), cooling the solu-
tion to 0 8C, and then adding NaBH4 (10.0 mmol) in small portions. Each
reaction mixture was stirred at RT until full conversion was observed by
TLC, whereupon saturated aqueous NH4Cl solution (2 mL) and CH2Cl2
(10 mL) were carefully added and the resulting mixture was stirred for a
further 30 min. The organic layer was separated and the aqueous layer
was extracted with CH2Cl2 (3O3 mL). The combined organic layers were
dried over Na2SO4 and the solvent was removed in vacuo. The obtained
yellowish oil was redissolved in CH2Cl2 (2 mL), and then DMAP
(0.1 mmol) and acetic anhydride (1.0 mmol) were added at RT. The reac-
tion mixture was stirred for 30 min and was then directly applied to a
column of silica gel and subjected to flash chromatography (n-hexane/
AcOEt 7:3) to yield the desired esters 5b–g as colorless oils.


ACHTUNGTRENNUNG(2R,3R)-4,4-Dimethoxy-2-methyl-3-(nitromethyl)butanal (4a): Nitroalde-
hyde 4a (0.17 g, 0.86 mmol) was obtained according to the general proce-
dure starting from propanal (60 mg, 1.00 mmol) and b-nitroacrolein di-
methyl acetal (0.15 g, 1.00 mmol) in the presence of catalyst 3g (32 mg,
0.10 mmol) and water (36 mg, 2.00 mmol). Yield: 0.17 g, 0.86 mmol, 86%;
[a]20D =�12.4 (c=1.0, CH2Cl2);


1H NMR (CDCl3, 300 MHz, TMS): d=


1.13 (d, 3H, J=7.3 Hz), 2.55 (m, 1H), 3.11 (m, 1H), 3.32 (s, 3H), 3.34 (s,
3H), 4.30 (d, 1H, J=6.5 Hz), 4.35 (dd, 1H, J=13.5, 7.0 Hz), 4.57 (dd,
1H, J=13.5, 6.2 Hz), 9.56 ppm (s, 1H); 13C NMR (CDCl3, 75 MHz): d=


9.8, 41.4, 44.6, 54.6, 55.7, 73.7, 103.8, 201.7 ppm; IR: ñ=1558 (NO2),
1724 cm�1 (C=O); MS (EI): m/z (%): 204 (2) [M+], 174 (13), 142 (8), 127
(42), 113 (26) 99 (100), 84 (32), 75 (90); HRMS: m/z : calcd for
[C8H14NO5]


+ : 204.0872; found: 204.0872. The ee (>99%) was determined
by chiral GC-MS using a CP-Chirasil-Dex CB column after transforma-
tion to the acetal derived from propane-1,3-diol;[27] Tinj=250 8C, Tdet=


280 8C, constant pressure flow=7 psi, Ti=70 8C (2 min), Tf1=100 8C
(20 8Cmin�1, hold 30 min), Tf2=210 8C (0.1 8Cmin


�1): (minor anti-isomer)
major enantiomer: tR=167.85 min; minor enantiomer: tR=169.36 min;
(major syn-isomer) major enantiomer: tR=176.16 min; minor enantio-
mer: tR=178.49 min.


ACHTUNGTRENNUNG(2R,3R)-2-Ethyl-4,4-dimethoxy-3-(nitromethyl)butanal (4b): Nitroalde-
hyde 4b (0.14 g, 0.63 mmol) was obtained according to the general proce-
dure starting from butanal (72 mg, 1.00 mmol) and b-nitroacrolein di-
methyl acetal (0.15 g, 1.00 mmol) in the presence of catalyst 3g (32 mg,
0.10 mmol) and water (36 mg, 2.00 mmol). Yield: 0.14 g, 0.63 mmol, 63%;
[a]20D =++12.9 (c=1.0, CH2Cl2);


1H NMR (CDCl3, 300 MHz): d =1.01 (t,
3H, J=7.3 Hz), 1.46 (m, 1H), 1.80 (m, 1H), 2.52 (m, 1H), 3.01 (m, 1H),
3.33 (s, 3H), 3.35 (s, 3H), 4.34 (m, 2H), 4.59 (dd, 1H, J=13.6, 7.1 Hz),
9.61 ppm (s, 1H); 13C NMR (CDCl3, 75 MHz): d=12.4, 19.5, 41.1, 51.3,
55.2, 55.3, 73.3, 104.4, 202.7 ppm; IR: ñ=1555 (NO2), 1718 cm


�1 (C=O);
MS (EI): m/z (%) 218 (1) [M+], 141 (38), 127 (21), 113 (78), 97 (33), 81
(60), 75 (100); HRMS: m/z : calcd for [C9H17NO5]


+ : 219.1107; found:
219.1109. The ee was determined after transformation to 5b (see below).


ACHTUNGTRENNUNG(2R,3R)-2-Ethyl-4,4-dimethoxy-3-(nitromethyl)butyl acetate (5b): The
ester 5b was obtained by reduction/esterification of 4b (0.14 g,
0.64 mmol) following the general experimental procedure using NaBH4
(0.22 g, 6.00 mmol), Ac2O (0.05 mL, 0.60 mmol), and DMAP (7 mg,
0.06 mmol). Yield: 0.16 g, 0.60 mmol, 90%; [a]20D =�2.9 (c=0.45,
CH2Cl2);


1H NMR (CDCl3, 300 MHz): d=0.98 (t, 3H, J=7.1 Hz), 1.42
(m, 2H), 1.91 (m, 1H), 2.06 (s, 3H), 2.86 (m, 1H), 3.35 (s, 6H), 4.08 (d,
2H, J=5.1 Hz), 4.35 (m, 2H), 4.51 ppm (dd, 1H, J=12.9, 6.1 Hz);
13C NMR (CDCl3, 75 MHz): d =11.9, 20.9, 22.0, 38.0, 41.2, 54.2, 55.2,
64.3, 73.7, 104.9, 171.8 ppm; MS (EI): m/z (%): 185 (2) {M+�78], 111
(21), 93 (4), 75 (100), 55 (4); HRMS: m/z : calcd for [C11H21NO6]


+ :
263.1369; found: 263.1377; IR: ñ=1555 (NO2), 1740 cm


�1 (C=O). The ee
(>99%) was determined by chiral GC-MS using a CP-Chirasil-Dex CB
column; Tinj=250 8C, Tdet=280 8C, constant flow=1.0 mLmin�1, Ti=
70 8C (3 min), Tf1=100 8C (30 8Cmin�1, hold 30 min), Tf2=210 8C
(0.5 8Cmin�1): minor anti-isomer: first enantiomer: tR=81.17 min; second
enantiomer: tR=81.42 min, major syn-isomer: minor enantiomer: tR=


83.61 min; major enantiomer: tR=86.06 min.


General procedure for the synthesis of a,b-unsaturated esters 8a–g :
(Ethoxycarbonylmethylidene)triphenylphosphorane (5.0 mmol) was
added to a solution of the appropriate aldehyde 4 (1.0 mmol) in dry
CH2Cl2 (30 mL) at 0 8C. Stirring was maintained at this temperature until
completion of the reaction, as monitored by TLC analysis. A saturated
aqueous solution of NH4Cl (10 mL) and H2O (10 mL) were then added
and the aqueous layer was separated and extracted with CH2Cl2 (3O
10 mL). The combined organic fractions were collected, dried over
Na2SO4, and the solvent was removed in vacuo. The crude reaction mix-
ture was then subjected to purification by flash column chromatography
(n-hexane/AcOEt 7:3).


Ethyl (4S,5R,2E)-6,6-dimethoxy-4-methyl-5-(nitromethyl)hex-2-enoate
(8a): w-Nitroester 8a (0.17 g, 0.61 mmol) was obtained according to the
general procedure starting from 4a (0.14 g, 0.69 mmol) and Ph3P=
CHCO2Et (1.26 g, 3.45 mmol). Yield: 0.17 g, 0.61 mmol 88%; [a]


20
D =


�15.2 (c=1.0, CH2Cl2);
1H NMR (CDCl3, 300 MHz): d=1.12 (d, 3H, J=


6.7 Hz), 1.25 (t, 3H, J=7.1 Hz), 2.66 (m, 2H), 3.33 (s, 3H), 3.34 (s, 3H),
4.22 (m, 4H), 4.52 (dd, 1H, J=12.6, 6.8 Hz), 5.81 (d, 1H, J=15.6 Hz),
6.80 ppm (dd, 1H, J=15.6, 7.8 Hz); 13C NMR (CDCl3, 75 MHz): d=14.2,
16.8, 34.9, 44.4, 54.7, 55.1, 60.4, 73.1, 104.5, 122.4, 149.2, 166.2 ppm; IR:
ñ=1555 (NO2), 1716 cm


�1 (C=O); MS (EI): m/z (%) 229 (M+�46), 197
(16), 183 (18), 137 (4), 131 (12), 123 (19), 99 (16), 81 (9), 75 (100), 54 (2);
HRMS: calcd for [C11H17O3]


+ (M+�78): 197.1178; found: 197.1168.
General procedure for the cascade reduction/cyclization reaction : synthe-
sis of pyrrolidines 9a–g and 10a–g : Zn (25.0 mmol) was added in small
portions over a period of 10 min to a solution of the unsaturated nitroes-
ter 8 (for the synthesis of 9) or the g-nitroaldehyde 4 (for the synthesis of
10) (1.0 mmol) in H2O/AcOH (1:1; 20 mL) at 0 8C. The reaction mixture
was stirred for 2 h at RT, then filtered, and the filtrate was adjusted to
pH 12 with 4m NaOH. The aqueous layer was extracted with CH2Cl2 (3O
10 mL). The organic fractions were combined, dried over Na2SO4, and
the solvent was removed in vacuo. Pyrrolidines 9a–g and 10a–g were iso-
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lated after purification by flash column chromatography (AcOEt/MeOH
10:3).


Ethyl (2S,3R,4R)-[4-(dimethoxymethyl)-3-methylpyrrolidin-2-yl]acetate
(9a): Pyrrolidine 9a (76 mg, 0.31 mmol) was obtained according to the
general procedure starting from 8a (0.12 g, 0.45 mmol) and Zn (0.75 g,
11.32 mmol). Yield: 76 mg, 0.31 mmol, 68%; [a]20D =�12.7 (c=0.7,
CH2Cl2);


1H NMR (CDCl3, 300 MHz): d=1.05 (d, 3H, J=6.7 Hz), 1.23
(t, 3H, J=7.1 Hz), 1.51 (m, 1H), 2.01 (m, 1H), 2.33 (m, 2H), 2.59 (dd,
1H, J=15.6, 3.6 Hz), 2.97 (m, 2H), 3.32 (s, 3H), 3.34 (s, 3H), 4.12 (q,
2H, J=7.1 Hz), 4.23 ppm (d, 1H, J=7.1 Hz); 13C NMR (CDCl3,
75 MHz): d=14.2, 17.3, 38.9, 41.6, 46.9, 48.7, 53.7, 54.0, 60.5, 63.0, 107.5,
172.6 ppm; IR: ñ=1733 (C=O), 3418 cm�1 (NH); MS (EI): m/z (%) 246
(1) [M++1], 215 (33), 198 (81), 182 (51), 170 (24), 168 (15), 158 (100),
129 (32), 126 (52), 108 (13), 97 (15), 94 (97), 85 (34), 75 (42), 56 (20);
HRMS: m/z : calcd for [C7H12NO]


+ : 126.0919; found: 126.0923 [M+


�119].
ACHTUNGTRENNUNG(3R,4R)-3-(Dimethoxymethyl)-4-methylpyrrolidine (10a): Pyrrolidine
10a (72 mg, 0.45 mmol) was obtained according to the general procedure
starting from 4a (184 mg, 0.89 mmol) and Zn (1.45 g, 22.25 mmol) and
carrying out the reaction at �15 8C (see ref. [26]). The solvents had to be
removed especially carefully because pyrrolidine 10a was found to be
volatile. Yield: 72 mg, 0.45 mmol, 51%; [a]20D =++10.0 (c=0.6, CH2Cl2);
1H NMR (CDCl3, 300 MHz): d =1.09 (d, 3H, J=6.5 Hz), 2.11 (m, 1H),
2.53 (m, 1H), 2.97 (m + brs, 3H), 2.04 (m, 1H), 3.19 (m, 1H), 3.33 (s,
3H), 3.35 (s, 3H); 4.31 ppm (d, 1H, J=6.9 Hz); 13C NMR (CDCl3,
75 MHz): d=18.9, 36.6, 49.0, 49.3, 53.5, 53.8, 55.5, 107.3 ppm; IR: ñ=


3414 cm�1 (NH); MS (EI): m/z (%) 129 (M+�30, 14), 127 (17), 112 (21),
96 (72), 85 (100), 75 (38), 71 (19), 67 (18); HRMS: m/z : calcd for
[C6H10]


+ : 96.0813; found: 96.0814 [M+�63].
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Introduction


Cold-adapted bacteria are microorganisms that thrive at low
temperatures in permanently cold environments (0–10 8C).
These habitats abound on earth, especially when one consid-
ers that these include not only the polar and alpine regions
but also a large proportion of seawaters and seasonally and
artificially cold environments.[1,2]


Cold-adapted microorganisms, also called psychrophiles,
can be divided in two types, eury-psychrophiles and steno-
psychrophiles.[2,3] The terminology refers to the tolerance of
a given microorganism to temperature fluctuations. The
steno-psychrophiles can grow in a narrow temperature
range restricted to low values, whereas the eury-psychro-
philes, despite preferring to grow under freezing conditions,
tolerate temperature fluctuation and can extend their
growth range towards the mesophilic one.


Cold-adapted microorganisms have been forced to devel-
op a wide range of adaptations because the low temperature
exponentially affects the rate of biochemical reactions,[4,5]


and water viscosity around 0 8C is almost twice as high rela-
tive to that at 37 8C. At low temperatures, all cellular pro-
cesses are affected: transcription and translation rates and
the transport of nutrients and waste products are strongly
decreased because of the decrease in membrane fluidity.[5]


To counteract these detrimental effects from lowering the
temperature, many adaptive responses have been described
in psychrophilic microorganisms.[1,5–8]


To maintain membrane fluidity, the cold-adapted microor-
ganisms enhance the synthesis of unsaturated fatty acids,
also changing the fatty acid chain length[5,6,8] and the phos-
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phorylation quality and quantity.[9,10] The outermembrane of
the Gram-negative bacteria forms a barrier for the cell and
it is composed of phospholipids, outer membrane proteins
(OMPs), and lipopolysaccharides (LPSs). The LPSs are
complex amphiphilic macromolecules embedded in the
outer leaflet of the external membrane, of which they are
the major constituents. Smooth-form LPSs (S-LPSs) consist
of three covalently linked regions: the glycolipid lipid A
(also known as the endotoxin for human pathogens), the oli-
gosaccharide region (core region), and the O-specific poly-
saccharide (O-chain, O-antigen). Rough-form LPSs (R-
LPSs), also named lipooligosaccharides (LOSs), lack the
polysaccharidic portion.[11,12]


Despite their important role as a component of the
Gram-negative outermembrane, very little is known about
the LPS structure of cold-adapted microorganisms.[9,13–15]


This lack of information greatly limits our understanding of
the role played by LPSs in the adaptation of psychrophilic
bacteria to the harsh cold lifestyle.


Herein, we report the structural characterisation of the
carbohydrate backbone of a LOS from Psychromonas arcti-
ca, a Gram-negative bacterium isolated in the arctic seawa-
ter near Spitzbergen (Svalbard islands, Arctic).[16] This bio-
film-forming microorganism is classified as an eury-psychro-
phile, which can actively duplicate in the 0–25 8C tempera-
ture range.


The LOSs were degraded either by mild hydrazinolysis
(O-deacylation) or with hot 4m KOH (N-deacylation). Both
products were investigated by 1H and 13C NMR spectrosco-
py, electrospray ionisation high-resolution Fourier transform
ion cyclotron resonance mass spectrometry (ESI FT-ICR
MS), and chemical analysis. The chemical structural varia-
tions induced by the growth of P. arctica at 20 8C are also re-
ported.


Results


Isolation and purification of LOS : Psychromonas arctica
was grown at 4 8C as reported in the Experimental section.
Dried bacteria were first extracted by using the phenol/
CHCl3/light petroleum ether method of Galanos and LHder-
itz[17] and the phenol/water method of Westphal and Jann.[18]


Only the first method was successful in LPS recovery and
the yield was 1.5% of dried cells. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) showed,
after silver nitrate gel staining, the presence of two fast mi-
grating species that are typical of LOSs.


Compositional analysis : Sugar and lipid analyses were ob-
tained by methanolysis of the LOS followed by extraction
with methanol/hexane to recovery the fatty acids as methyl
esters. The hexane layer was analysed by GC–mass spec-
trometry, thus revealing the presence of 3-hydroxytetradeca-
noic acids, dodecanoic acids, and cyclopropanoid tetradeca-
noic acids, the latter having already been found in Pseudoal-
teromonas haloplanktis TAC125.[9] The methyl glycosides re-


covered in the methanol layer were then acetylated and in-
jected into the GC—mass spectrometer. This analysis
revealed the presence of galacturonic acid (GalA), glucosa-
mine (GlcN), and glucose (Glc), whereas neither heptose
nor 3-deoxymannooct-2-ulosonic acid (Kdo) were recov-
ered. To check if these residues were not revealed because
they were phosphorylated, hydrolysis with 48% aqueous HF
was performed on the LOS fraction to remove the phos-
phate groups and the sugar analysis was repeated. The pres-
ence of l,d-heptose and Kdo in this analysis suggested their
phosphorylation in the LOS structure. Methylation analysis
indicated the presence of terminal galacturonic acid, termi-
nal glucose, 4-linked glucose, 2,4-linked heptose, 6-linked
glucosamine, and 5-linked Kdo units.


The absolute configuration determination revealed a d


configuration for glucosamine, galacturonic acid, and glu-
cose. l-Glycero-d-manno-heptose was identified, as alditol
acetate, by comparison with an authentic sample.


Mass spectrometric analysis : The LOS fraction was analysed
in the negative-ion mode by using electrospray ionisation
Fourier transform ion cyclotron resonance mass spectrome-
try (ESI FT-ICR MS), which revealed the presence of seven
molecular species termed M1–M7 (Figure 1). Taking into ac-
count the glycosyl analysis, all the signals were identified as
reported in Table 1.


The most abundant molecular species M1 is an hexacyl
pentaphosphorylated LOS with the core oligosaccharide
containing one Kdo, one heptose, one hexose, and two
uronic acid units. One less uronic acid was present in M3.
All the other glycoforms differed from these two species
only by the acyl substitutions and/or phosphates content. In
source fragmentation by capillary skimmer dissociation
(CSD), the Y and B fragments were generated (see Domon


Figure 1. Charge-deconvoluted ESI FT-ICR mass spectrum of the LOS
fraction isolated from the P. arctica bacterium. The spectrum was ac-
quired in the negative-ion mode. The mass numbers given refer to mono-
isotopic peak of the neutral molecular species. The peaks not stated
clearly belong to the sodium and potassium adducts. r.i.= relative intensi-
ty.
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and Costello[19] for the fragment nomenclature) from the
rupture of the labile lipid A/Kdo linkage,[20] thus confirming
the presence of a bis- and monophosphorylated hexa- and
penta-acylated lipid A and the presence of at least two core
oligosaccharide structures. The core fragments could be
identified by an additional fragment ion because of the de-
carboxylation of Kdo (Dm=�44 u).[20] The fragment at
1166.16 u was in agreement with the composition of one
hexose, two uronic acid, one heptose, one Kdo, and three
phosphate groups, whereas the other fragment (990.12 u)
was consistent with the lack of one uronic acid.


We prepared O-deacylated LOS (LOS-OH) by mild hy-
drazinolyis and the sample was analysed by using negative-
ion ESI FT-ICR MS, thus showing by CSD (Figure 2) the
corresponding O-deacylated lipid A with 952.48 and
872.50 u, in agreement with structures consisting of two glu-
cosamine, two amide-linked hydroxytetradecanoic acid, one
and two phosphate units, respectively, and the two usual
core oligosaccharide fragments (1166.16 and 990.12 u) that
differ from each other in one unit of uronic acid (HexA).


Treatment of LOS-OH with KOH followed by purifica-
tion with gel-permeation chromatography revealed two mo-
lecular species of 1410.72 and 1572.78 u, which differ from
each other by one hexose unit (mass spectra not shown).
The first species could be attributed the following composi-
tion HexHexAHepKdoGlcN2P4, according to the calculated
mass of 1410.22 u. From these results, it is not possible to ex-


clude that these compositions
can correspond to several mo-
lecular species that differ at the
phosphate positions. However,
the lack of a signal that corre-
sponds to a molecular species
containing two uronic acid resi-
dues suggested that one uronic
acid is linked to the carbohy-
drate backbone by a phospho-
diester linkage, cleaved during
the strong alkaline treatment.


NMR spectroscopic analysis of a fully deacylated LOS frac-
tion : The complete structure of the fully deacylated LOS
was obtained by one- and two-dimensional 1H, 31P, and
13C NMR spectroscopic analysis. Chemical shifts were as-
signed utilizing DQF-COSY, TOCSY, ROESY, 1H,13C
DEPT-HSQC, 1H,13C HMBC, and 1H,31P HSQC experi-
ments. All the residues, except for the fructose (Fru), were
present as pyranose rings, as indicated by 1H and 13C NMR
chemical shifts and methylation analysis.


The NMR spectroscopic data confirmed the existence of a
mixture of two main oligosaccharides that differ in the
length of the sugar backbone. The 1H NMR spectra of the
fully deacylated fraction (Figure 3) together with the 1H,13C
DEPT-HSQC experiment revealed the presence of six main
anomeric signals. In particular, the signals for anomeric pro-
tons at d=5.69, 5.37, 5.21, 4.94, 4.51, and 4.47 ppm, assigned
to residues A–F, respectively, were identified by their corre-
lation with the signals for carbon atoms at d=92.4, 99.2,
102.4, 100.1, 104.3 and 104.5 ppm, respectively (Table 2). In
contrast, the on-resonance 13C NMR spectrum (Figure 4) in-
dicated the presence of two additional signals for anomeric
carbon atoms at d=100.8 and 104.9 ppm, assigned to resi-
dues G and H, respectively (Table 2). Residue G was recog-
nised as Kdo because in the 1H NMR spectrum the typical
signals for the H-3 methylene protons at d=2.01 and
2.23 ppm (H-3ax and H-3eq, respectively) were both con-
nected in the 1H,13C DEPT-HSQC experiment to a signal
for the carbon atom at d=35.4 ppm.[21] The difference be-
tween the proton chemical shifts of H-3ax and H-3eq sug-
gested an a configuration for this residue.[22] A long-range


Table 1. Composition of the main species present in the ESI FT-ICR mass spectrum of the LOS fraction iso-
lated from P. arctica.


Glycoform Observed mass [u] Calcd mass [u] Composition


M1 2961.346 2961.358 HexHexA2HepKdoHexN2P5
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1) ACHTUNGTRENNUNG(C12:0)


M2 2881.447 2881.392 HexHexA2HepKdoHexN2P4
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1) ACHTUNGTRENNUNG(C12:0)


M3 2785.350 2785.326 HexHexAHepKdoHexN2P5
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4ACHTUNGTRENNUNG(C14:1) ACHTUNGTRENNUNG(C12:0)


M4 2779.230 2779.188 HexHexA2HepKdoHexN2P5
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1)


M5 2705.339 2705.360 HexHexAHepKdoHexN2P4
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4ACHTUNGTRENNUNG(C14:1) ACHTUNGTRENNUNG(C12:0)


M6 2603.187 2603.156 HexHexAHepKdoHexN2P5
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4ACHTUNGTRENNUNG(C14:1)


M7 2523.222 2523.190 HexHexAHepKdoHexN2P4
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4ACHTUNGTRENNUNG(C14:1)


Figure 2. Charge-deconvoluted CSD/ESI FT-ICR mass spectrum of the
LOS-OH fraction isolated from P. arctica. The spectrum was acquired in
the negative-ion mode.


Figure 3. 1H NMR anomeric and carbinolic region of the fully deacylated
fraction isolated from P. arctica at 298 K. The spectrum was recorded in
D2O at 500 MHz. The letters refer to the residues described in Table 2.
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proton–carbon correlation among the signals for the methyl-
ene protons and the carbon atom at d=100.8 ppm allowed
us to assign this latter signal to the anomeric carbon atom of
Kdo. In addition, the glycosylation of Kdo at O-5 was sug-
gested from the methylation analysis and confirmed by the
chemical shift of the signal of C-5 at d=73.4 ppm with re-
spect to the value of d=67.4 ppm for an unsubstituted Kdo
residue.[21]


As the sugar analysis revealed only the presence of Kdo
as a keto sugar, an additional experiment was performed. A
mild acid hydrolysis was carried out on the LOS fraction
and the obtained free monosaccharides were derivatised as
alditols acetates. The GC-MS chromatogram revealed the
presence of glucitol and mannitol, thus indicating the occur-
rence of fructose in the LOS sugar backbone. Thus, residue
H was assigned as a b-fructose because the chemical shift
for the anomeric carbon atom occurred at d=104.9 ppm.[23]


This value was deduced on the basis of a long-range correla-
tion with methylene protons at d=3.72 and 3.68 ppm in a
1H,13C HMBC experiment. In addition, a furanose ring for
this residue was suggested by the signal for C-5 at d=


82.3 ppm in the 13C NMR spectrum.[23]


Both spin systems A and D were attributed to 2-deoxy-2-
aminohexose, on the basis of the correlation of the signals


for H-2 at d=3.38 and
3.03 ppm with nitrogen-bearing
carbon atoms at d=55.4 and
56.8 ppm, respectively, in a
1H,13C DEPT-HSQC spectrum.
The signal of the anomeric
proton of residue A at d=


5.69 ppm was assigned to the
proximal GlcN1P residue of the
lipid A skeleton because of the
typical coupling constants with
31P (3JH,P =6.0 Hz), whereas the
a configuration of residue A
was deduced from the chemical
shift of the anomeric carbon
atom at d=92.4 ppm and from
3JH1,H2 =3.1 Hz. Finally, the sub-
stitution at C-6 of residue A
was inferred from the chemical
shift of C-6 due to the glycosy-
lation effect at d=70.2 ppm.


Residue D was recognised to be the lipid A distal b-glu-
cosamine unit because of 3JH1,H2 =8.4 Hz and its proton spin
system. The ROESY experiment revealed that residues D
and A were (1!6) connected. Residues B and C were re-
vealed to be a configured from both their low 3JH1,H2 values.
Residue B was recognised as a-heptose from its internal
spin-system connectivities, which were revealed from the
COSY, TOCSY, and ROESY experiments, in which the
latter experiment showed for the anomeric proton a NOE
intraresidue interaction with only H-2. Moreover, residue B
was 2,4-linked, as suggested by methylation analysis and
confirmed by the downfield chemical shift of the signals for
C-2 and C-4 at d=80.8 and 78.2 ppm, respectively. Residue
C was identified as a terminal a-galacturonic acid species
because of the correlation in the TOCSY experiment of the
anomeric proton with only four densities, which is typical of
a galacto configuration, and the long-range connectivity be-
tween the signals for H-5 at d=4.51 ppm and the carbon
atom at d=176.6 ppm. Finally, the signals for the anomeric
units of E (H-1/C-1: d=4.51/104.3 ppm) and F (H-1/C-1: d=


4.47/104.5 ppm) were assigned to two b-glucose residues on
the basis of the proton multiplicities obtained by the DQF-
COSY and TOCSY experiments.


Table 2. 1H–13C NMR assignments of OS1 and OS2.[a]


Residue H1
C1


H2
C2


H3
C3


H4
C4


H5
C5


H6
C6


H7
C7


H8
C8


a-6-GlcNp1P
A


5.69
92.4


3.38
55.4


3.89
70.6


3.82
72.8


4.14
73.9


4.28–4.26
70.2


a-2,4-Hepp3P
B


5.37
99.2


4.13
80.8


4.47
73.7


4.14
78.2


4.04
70.3


n.d. 3.80–3.76
63.6


a-t-GalAp3P
C


5.21
102.4


3.95
69.1


4.36
75.5


4.48
71.1


4.51
71.1


–
176.6


b-6-GlcN4P
D


4.94
100.1


3.03
56.8


3.83
73.1


3.76
75.6


3.72
75.4


3.51–3.53
63.8


b-4-Glcp
E


4.51
104.3


3.29
74.3


3.47
76.5


3.45
71.2


3.56
76.1


4.03–3.69
62.1


b-t-Glcp
F


4.47
104.5


3.29
74.3


3.47
76.5


3.44
70.9


3.56
76.1


4.03–3.69
62.1


a-5-Kdo4P
G


– –
100.8


2.01–2.23
35.4


4.56
71.1


4.26
73.4


3.83
73.2


3.84
70.2


3.93–3.70
64.9


b-t-Fruf
H


3.72–3.68
61.6


104.9 4.14
79.0


4.08
75.6


3.86
82.3


3.65–3.71
63.7


[a] All the chemical shifts are referred to acetone as the internal standard (d=2.225 and 31.45 ppm for 1H
and 13C, respectively); the spectra were recorded at 298 K.


Figure 4. 13C NMR anomeric region of the fully deacylated fraction fraction from P. arctica at 298 K. The spectrum was recorded in D2O at 100 MHz.
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The sequence and the attachment points of the residues
were deduced from HMBC experiments that indicated the
following correlations: H-1 of C with C-2 of B ; H-1 of B
with C-5 of Kdo; H-1 of D with C-6 of A ; H-1 of both E
and F with C-4 of B. These latter correlations, together with
the close similarity of the chemical shifts of E and F, suggest
a nonstoichiometric substitution on the glucose residue by a
terminal nonreducing fructose unit. Moreover, as no signals
for the carbon atoms were shifted downfield for both E and
F, the position of the linkage of fructose was assigned to O-
4 on the basis of methylation analysis. These data definitely
revealed two oligosaccharides structures, which we named
OS1 and OS2.


Interresidue NOE interactions confirmed the sequence of
the residues (Figure 5 and arrows in Scheme 1), in particular
dipolar couplings were observed between H-1 of C and H-2
of B, H-1 of B and H-5 of G, H-1 of D and both H-6 and H-
4 of A. Residue G did not show any diagnostic NOE inter-
actions or heteronuclear multiple-bond correlations. Be-
cause the chemical shift of C-6 in D was in agreement with
reported data, the Kdo moeity was placed at C-6 of D. The
methylation analysis strongly supports this statement. Final-
ly, the NOE interations between H-1 of B and both H-5 and
H-7 of G confirmed the attachment point of B to be O-5 of
Kdo; in addition, the NOE interaction between H-5 of B
and H-3ax of G suggests a d configuration for Kdo.[24]


The locations of the phosphate groups were deduced by a
1H,31P HSQC experiment that showed correlations of the
signals for the 31P nuclei at d=0.98 and 1.57 ppm with H-1
of A and H-4 of D, respectively, thus confirming that both
glucosamine residues of lipid A were phosphorylated. The
phosphorylation at O-4 of the Kdo unit and at O-3 of the
residues B and C was inferred from the correlations among
the signals for the 31P nuclei at d=1.13, 3.22, and 1.38 ppm
and the protons at d=4.56, 4.47, and 4.36 ppm, respectively.


All these data revealed the structures of OS1 and OS2 as
shown in Scheme 1.


NMR spectroscopic analysis of LOS-OH : To establish the
structure of the oligosaccharides including labile groups lost
during the harsh alkaline treatment, the LOS-OH was ana-
lysed by NMR spectroscopic analysis. Because the presence
of fatty acids on the sugar backbone induces the formation
of micelles, the best resolution was obtained by dissolving
the sample in a solution of SDS in D2O (1 mgmL�1). Two-
dimensional NMR spectroscopic experiments (COSY,
TOCSY, ROESY, DEPT-HSQC, HMBC, and 1H,31P-
HSQC) were performed.


The NMR spectroscopic analysis revealed the occurrence
of the same carbohydrate backbone as in the samples of the
OS compounds, except for the presence of an additional
spin system, namely, residue I, with resonance of H-1 at d=


5.49 ppm (Table 3). All the proton resonances were assigned
on the basis of COSY, TOCSY, and ROESY experiments.


Figure 5. Carbinolic region of the ROESY experiment of the fully deacy-
lated fraction fraction from P. arctica at 298 K. The spectrum was record-
ed in D2O at 500 MHz. The letters refer to the residues as described in
Table 2.


Scheme 1. The structures of OS1 and OS2. The arrows indicate the interresidue NOE interactions.
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This proton resonance was identified to come from uronic
acid, as already suggested by ESI FT-ICR mass-spectromet-
ric analysis. In particular, the values of 3JH3,H4 and 3JH4,H5


were diagnostic of a galacto configuration, and all of the
chemical shifts for the carbon atoms were in agreement with
an unsubstituted residue. Moreover, the 3JH1,H2 value, the sig-
nals for H-1 and C-1 (i.e., d=5.49 and 95.7 ppm), and the
intraresidual NOE interactions suggested an anomeric
a configuration.


The 31P NMR spectrum showed three signals, of which
two resonated at d=3.46 and 2.10 ppm, typical of mono-
phosphate ester groups, whereas the third signal at d=


�2.24 ppm indicated a phosphate diester group. The posi-
tion of the phosphate groups was deduced by a 1H,31P
HSQC experiment that showed a correlation of the 31P
signal at d=3.46 ppm with proton signals at d=5.23 and
3.78 ppm, attributed to H-1 and H-2 of residue A, respec-
tively. The correlation between the 31P signals at d=2.1 ppm
and the proton signal at d=4.22, attributed to H-3 of C,
confirmed a phosphate group at O-3 of the galacturonic acid
residue. The 31P signal at d=�2.24 ppm correlated to


proton resonances at d=5.49
and 4.48 ppm, attributed to H-
1 of I and H-3 of B, respective-
ly, thus indicating that the hep-
tose unit was substituted at O-
3 by a galacturonic acid unit
through a phosphodiester link-
age. None of the correlations
of phosphate groups of both
lipid A distal glucosamine and
Kdo were evident in this ex-
periment.


These data allowed the iden-
tification of a third oligosac-
charide backbone in the LOS
fraction from P. arctica, the
presence of which was not re-
vealed in the ESI FT-ICR


mass spectrum of the LOS fraction. However, in the LOS-
OH mass spectrum (Figure 6) a further species of low inten-
sity at 2200.729 u that corresponds to the composition
Hex2HexA2HepKdoGlcN2P4


ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]2 appeared be-
sides the two main abundant molecular species. To further
confirm the presence of an oligosaccharide backbone con-
taining both fructose and the a-galacturonyl phosphate
moiety, we performed a negative-ion (linear mode) MALDI
TOF mass spectrum of the LOS fraction (data not shown).
This spectrum comprised, in addition to the species already
found in the ESI FT-ICR mass spectrum (Table 1), a further
low-abundant molecular species of 3123.5 u that corresponds
to the composition Hex2HexA2HepKdoHexN2P5 [C14:0-
ACHTUNGTRENNUNG(3OH)]4ACHTUNGTRENNUNG(C14:1) ACHTUNGTRENNUNG(C12:0).


In conclusion, the complete structure of the sugar back-
bone of the LOS isolated from P. arctica is depicted in
Figure 7.


Structural differences induced in the LOS by a growth tem-
perature of 20 8C : To establish the chemical structural varia-
tions induced by different growth temperatures in the LOSs,
the cells of P. arctica were grown at 10 and 20 8C. Because
no differences were found in lipid and glycosyl analyses for
both the samples, only the structural variations between 4
and 20 8C are discussed. The glycosyl analysis performed on


Table 3. 1H–13C NMR assignments of LOS-OH.[a]


Residue H1
C1


H2
C2


H3
C3


H4
C4


H5
C5


H6
C6


H7
C7


H8
C8


a-6-GlcN1P
A


5.23
92.5


3.78
53.9


3.67
71.2


3.43
69.5


3.89
71.5


4.05–4.07
68.1


a-2,4-Hepp3P
B


5.18
97.5


4.28
78.1


4.48
72.8


3.96
77.1


3.68
73.7


n.d. n.d.


a-t-GalAp3P
C


5.13
100.9


3.81
69.6


4.22
72.8


4.39
70.0


n.d. n.d.


b-6-GlcN4P
D


4.55
101.1


3.67
54.8


3.59
73.1


3.46
75.5


3.66
74.2


3.70
61.1


b-t-Glcp
E


4.35
104.3


3.18
73.4


3.38
75.0


3.30
69.2


3.21
75.1


3.56–3.78
59.9


a-t-GalAp1P
I


5.49
95.7


3.68
71.3


3.79
69.6


4.18
70.7


4.33
72.7


n.d.


a-5-Kdo4P
G


n.d. n.d. 1.95–2.15
35.4


4.31
67.6


4.11
71.5


3.69
71.3


n.d. n.d.


[a] All the chemical shifts are referred to acetone as the internal standard (d=2.225 and 31.45 ppm for 1H
and 13C, respectively); the spectra were recorded at 298 K; n.d.=not determined.


Figure 6. Charge-deconvoluted ESI FT-ICR mass spectrum of the LOS-
OH fraction isolated from P. arctica bacterium. The spectrum was ac-
quired in negative-ion mode.


Figure 7. The structure of the phosphorylated carbohydrate backbone of
the LOS fraction isolated from P. arctica bacterium. The dotted lines in-
dicate nonstoichiometric bonds.
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the LOS sample from P. arctica grown at 20 8C showed the
same qualitative composition of the LOS from the bacteri-
um grown at 4 8C; however, interestingly, integration of the
peaks showed an increase in the amount of glucose, thus
suggesting the presence of at least an additional sugar unit
in the oligosaccharide structure.


The analysis fatty acids by using GC-MS showed no sig-
nificant compositional differences between the LOS sample
at 4 and 20 8C, even if a higher content of the dodecanoic
acid was observed at 20 8C, thus suggesting the presence of
an additional hepta-acyl lipid A species.


The ESI FT-ICR mass spectrum of the LOS sample ob-
tained at 20 8C (Figure 8, Table 4) confirmed the above re-
sults. In this mass spectrum, most of the signals were found
at m/z values higher than the corresponding species found
in the LOS obtained at 4 8C. In particular, the most aboun-
dant species N3 at 3125.253 u suggested the presence of an
hexa-acyl triphosphorylated LOS with the composition
Hex3HexA2HepKdoHexN2P3


ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4ACHTUNGTRENNUNG(C14:1)ACHTUNGTRENNUNG(C12:0),
according to the calculated mass of 3125.529 u. Moreover,
one less hexose unit was present in N4, which corresponded
to an hepta-acyl triphosphorylated LOS, in agreement with


the analysis of the fatty acids by using GC-MS. Finally, the
species N2 at 3307.413 u suggested the presence of a LOS
containing both an additional hexose and a dodecanoic acid.


Discussion


It is well known that cold-adapted microorganisms are able
to control the fluidity of the cell membrane at low tempera-
tures by generally including a preponderance of unsaturated
short acyl chains in their lipids.[25] On the contrary, very
little information is available on the structural adaptations
of the outermembrane of Gram-negative bacteria, which is
an asymmetric bilayer in which LPSs are essential compo-
nents of the outer leaflet, to low temperatures. It is reasona-
ble that the structure of the LPSs also needs to be altered to
allow bacterial survival at freezing temperatures.


Up until now, a unique LPS structure was reported for a
cold-adapted bacterium, the Antarctic Gram-negative P. hal-
oplanktis TAC125.[13–15] The outer membrane of the psychro-
philic bacterium contains a LOS made up of the typical
phosphorylated disaccharide skeleton of lipid A [P4-b-d-
GlcN-a-d-(1!6)-GlcN1P], which was glycosylated by a
phosphorylated Kdo unit and then substituted in turn by an
heptose residue. This latter sugar was substituted at the O-4
position by a residue of galactose, which in turn was non-
stoichiometrically glycosylated by 2-acetamido-2-deoxyman-
nose.


Herein, we report the complete structure of the sugar
backbone of the LPS fraction from P. arctica, a marine bac-
terium isolated from a seawater sample collected near Spitz-
bergen (Svalbard islands, Arctic). The molecules were ex-
tracted by using phenol/CHCl3/petroleum ether and they
constituted a LOS fraction. Complete structural determina-
tion was achieved by NMR spectroscopic, ESI mass-spectro-
metric, and chemical analysis. P. arctica LOS shares with P.
haloplanktis TAC125 the lack of the O-chain, which seems
to be a characteristic feature of LPSs obtained from cold-
adapted microorganisms. Moreover, both LOS structures
are highly phosphorylated, when the number of phosphate
groups is considered with respect to the number of mono-
saccharides that constitute the LOS. Another interesting
feature of P. arctica LOS in common with P. haloplanktis
TAC125 is the occurrence of a cyclopropanoid fatty acid
C14:0D in the lipid A.[9] This structural observation may be
related to the cold adaptation of the two strains because the


cyclopropanoid fatty acids
structurally resemble unsatu-
rated fatty acids, the concen-
tration of which in membrane
lipids is often increased during
growth at low tempera-
tures.[26–28]


An intriguing difference be-
tween the two psychrophilic
LOS structures is the presence
of a terminal b-fructofuranose


Figure 8. Charge-deconvoluted ESI FT-ICR mass spectrum of the LOS
fraction isolated from P. arctica bacterium grown at 20 8C. The spectrum
was acquired in the negative-ion mode. The mass numbers given refer to
the monoisotopic peak of the neutral molecular species. The peaks not
stated clearly belong to the sodium and potassium adducts.


Table 4. Composition of the main species present in the ESI FT-ICR mass spectrum of the LOS fraction iso-
lated from P. arctica grown at 20 8C.


Glycoform Observed mass [u] Calcd mass [u] Composition


N1 3469.518 3469.752 Hex4HexA2HepKdoHexN2P3
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1)ACHTUNGTRENNUNG(C12:0)2


N2 3307.413 3307.699 Hex3HexA2HepKdoHexN2P3
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1) (C12:0)2


N3 3207.157 3207.615 Hex4HexA2HepKdoHexN2P2
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1) (C12:0)


N4 3145.202 3145.647 Hex2HexA2HepKdoHexN2P3
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1)ACHTUNGTRENNUNG(C12:0)2


N5 3125.253 3125.529 Hex3HexA2HepKdoHexN2P3
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1)ACHTUNGTRENNUNG(C12:0)


N6 3045.272 3045.563 Hex3HexA2HepKdoHexN2P2
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1)ACHTUNGTRENNUNG(C12:0)


N7 2963.208 2963.477 Hex2HexA2HepKdoHexN2P3
ACHTUNGTRENNUNG[C14:0 ACHTUNGTRENNUNG(3OH)]4 ACHTUNGTRENNUNG(C14:1)ACHTUNGTRENNUNG(C12:0)
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residue in the LOS from P. arctica. The occurrence of such a
monosaccharide as a terminal residue is quite rare in the
LOS structure and, to the best of our knowledge, it has
been found only in the core oligosaccharide of a LPS from
Vibrio cholerae strains.[29,30]


In conclusion, we have reported the structural features of
a LOS isolated from P. Arctica, which evidenced a strong
similarity to that obtained from P. haloplanktis TAC125,
thus suggesting a common evolutionary bacterial adaptation
to the extreme environment. The characterisation of more
LPS structures from other cold-adapted microorganisms is
mandatory to obtain experimental data that prove that the
elucidated structures are indeed related to adaptative pro-
cesses essential for maintaining, for example, membrane flu-
idity and transmembrane permeability.


As for the results obtained for the LOS from P. arctica
grown at 20 8C, a decrease in the phosphate content and an
increase in the sugar chain length were observed. Moreover,
molecular species containing an additional dodecanoic acid
unit were found. These data, which seem to be different
from those of the LOS from P. haloplanktis TAC125,[9] are
difficult to explain. However, as the information about the
effects induced in cold-adapted bacteria by higher growth
temperatures are still poor, it will be particularly interesting
to analyse the structure of other outermembrane compo-
nents, such as phospholipids and proteins.


Experimental Section


Growth of bacteria and isolation of LPS : Psychromonas arctica was
grown at 4, 10, and 20 8C under aerobic conditions in a modified Luria–
Bertani medium,[31] in which sodium chloride was replaced by a mixture
of marine salts (10 gL�1). The large-scale biomass production was carried
out in shaken flasks (total volume=2.5 L) containing liquid broth
(500 mL). After 72 h of incubation at 4 8C, the cells were recovered by
centrifugation at 4 8C for 15 min at 3836Og and lyophilised. Bacterial
dried cells (2 g) were extracted with phenol/CHCl3/light petroleum ether
(2:5:8, v/v) as described.[17] The yields of the LPSs were 2.9, 1.4, and
2.1% of dried cells grown at 4, 10, and 20 8C, respectively.


PAGE was performed by using the system of Laemmli and Favre[32] with
SDS as the detergent. The separation gel contained acrylamide (15%),
SDS (0.1%), and 2-amino-2-(hydroxymethyl)-1,3-propanediol hydrochlo-
ride (Tris—HCl; pH 8.8, 375 mm) and the stacking gel contained acrylam-
ide (4%), SDS (0.07%), and Tris–HCl (pH 6.8, 125 mm). LPS samples
were prepared at a concentration of 0.05% in the sample buffer of SDS
(2%), Tris–HCl (pH 6.8, 60 mm), and glycerol (25%). Bromophenol blue
(0.003% in the sample buffer) was used as the tracking dye. All the con-
centrations are expressed as a percentage of mass/vol. The electrode
buffer was composed of SDS (1 gL�1), glycine (14.4 gL�1), and Tris
(3.0 gL�1). Electrophoresis was performed at a constant voltage of 150 V.
The gels were fixed in an aqueous solution of ethanol (40%) and acetic
acid (5%). LPS bands were visualised by silver staining as described pre-
viously.[33]


Chemical analysis : Acetylated methyl glycosides were obtained from
each crude LPS (0.5 mg). The LPS was dephosphorylated with 48%
aqueous HF at 4 8C for 16 h then freeze-dried. Methanolysis was per-
formed in MeOH/HCl (0.5 mL, 0.5m) at 85 8C for 45 min, and the sample
was extracted twice with hexane. The methanol layer was dried and the
residue acetylated. The hexane layer was analysed by using GC-MS.


The linkage positions of the monosaccharides were determined by meth-
ylation analysis. Briefly, the product obtained from alkaline hydrolysis of


the LPS (2 mg) was dephosphorylated with 48% aqueous HF at 4 8C for
48 h. The sample was reduced with NaBH4 and then N-acetylated with
Ac2O in anhydrous methanol. Methylation was performed with CH3I in
dimethyl sulfoxide (DMSO) and NaOH (2.5 h). The product was then re-
duced at the carboxyl group with NaBD4. A mild acid hydrolysis was per-
formed with 0.1m trifluoroacetic acid (TFA) at 100 8C for 30 min to hy-
drolyse the Kdo glycosidic linkage. This residue was then reduced at the
anomeric position with NaBD4. After the usual workup, a second stron-
ger hydrolysis was performed with 2m TFA at 120 8C for 2 h. After reduc-
tion with NaBD4, the sample was acetylated and finally analysed by using
GC-MS.


The fructose unit for each LPS sample was revealed by preparation of
the corresponding alditol acetates. Briefly, the LPS sample (0.5 mg) was
mildly hydrolysed with AcOH 1% at 100 8C for 4 h. The product was re-
duced with NaBD4 and, after the usual workup, was treated with MeOH/
HCl 1m at 80 8C for 16 h. An extraction with hexane was performed and
afterwards the methanol layer was dried and acetylated using Ac2O and
pyridine at 100 8C for 30 min. The presence of glucitol and mannitol was
detected by using GC-MS.


The absolute configuration of the sugars was determined by subjecting
the acetylated (S)-2-octyl glycosides to GC.[34]


The sugar derivatives were analysed on a Agilent Technologies gas chro-
matograph 6850 A equipped with a mass-selective detector 5973N and a
Zebron ZB-5 capillary column (Phenomenex; 30 mO0.25 mm i.d.; flow
rate: 1 mLmin�1; carrier gas: He). Acetylated methyl glycosides were an-
alysed accordingly with the following temperature program: 150 8C for
3 min, 150!240 8C at 3 8Cmin�1. The temperature program for partially
methylated alditol acetates: 90 8C for 1 min, 90!140 8C at 25 8Cmin�1,
140!200 8C at 5 8Cmin�1, 200!280 8C at 10 8Cmin�1, 280 8C for 10 min.
The temperature program for alditol acetates: 150 8C for 5 min, 150!
310 8C at 3 8Cmin�1. The temperature program for the analysis of acety-
lated octyl glycosides: 150 8C for 5 min, 150!240 8C at 6 8Cmin�1, 240 8C
for 5 min. The temperature program for fatty acid methyl esters: 140 8C
for 3 min, 140!280 8C at 10 8Cmin�1, 280 8C for 20 min.


Deacylation of the LPS : The LPS (20 mg) was dried over phosphorus an-
hydride under vacuum and then incubated with hydrazine (0.9 mL) at
37 8C for 1.5 h. Cold acetone was added to precipitate the O-deacylated
LPS. The pellet was recovered after centrifugation at 4 8C and 8000Og
for 30 min, washed three times with acetone, dissolved in water, and
lyophilised (12 mg).


The O-deacylated LPS was dissolved in 4m KOH (0.8 mL) and incubated
at 120 8C for 16 h. The reaction mixture was neutralised with 4m HCl
until pH 6 and then extracted three times with CH2Cl2. The water phase
was recovered and desalted on a column (1.5O800 mm) of Sephadex G-
10 (17 mLh�1; fraction volume: 1.7 mL) eluted with water. The eluted
oligosaccharide mixture was then lyophilised (7 mg).


NMR spectroscopy : For the structural assignments, 1D and 2D 1H and
13C NMR spectra were recorded at 298 K with a Varian Inova 500 spec-
trometer. The chemical shifts were measured in D2O using acetone at
d=2.225 and 31.45 ppm as an internal standard for the proton and
carbon atoms, respectively. All 2D homo- and heteronuclear experiments
(DQF-COSY, TOCSY, ROESY, HSQC-DEPT, and HMBC) were per-
formed using standard pulse sequences available in the Varian software.
The 1H,31P HSQC experiments were recorded on a Bruker DRX-400
spectrometer with aqueous 85% phosphoric acid as an external reference
(d=0.00 ppm).


Mass spectrometric analysis : High-resolution ESI FT-ICR MS was per-
formed in the negative mode using an ApexII mass analyser (Bruker
Daltonics, Billerica, MA) equipped with a 7T actively shielded magnet
and an Apollo ESI source. The mass spectra were acquired by using stan-
dard experimental sequences as provided by the manufacturer. The sam-
ples were dissolved at a concentration of 10 ngmL�1 in 2-propanol/water/
triethylamine (30:30:0.01, v/v/v) and sprayed at a flow rate of 2 mLmin�1.
The capillary entrance voltage was set to 3.8 kV and the dry gas tempera-
ture to 150 8C. The spectra, which showed several charge states for each
component, were charge deconvoluted, and the mass numbers given
refer to the monoisotopic molecular masses. Capillary skimmer dissocia-
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tion (CSD) was induced by increasing the capillary exit voltage from 100
to 350 V.
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Introduction


Numerous examples in the literature show that the coopera-
tion of metal centres in redox or hydrolytic reactions can
lead to significant improvements,[1] and in fact this concept
is also utilized in many metalloenzymes.[2] It therefore seems
rewarding to develop ligands that are preorganised for com-
plexation of two metal centres and thereby support their co-
operation. In this context we have recently reported the
ligand Xanthmal2� with two adjacent diethyl malonate bind-
ing sites linked by a xanthene backbone,[3] which is utilised


in the present study for the
preparation of a dinuclear
iron(II) complex. The question
arose whether this ligand can
support cooperation of two FeII


centres for the activation of O2


by analogy to the prosthetic
group of soluble methane
mono ACHTUNGTRENNUNGoxygenase (sMMO).[4] A
further aspect of using malonate binding pockets is that they
represent 2,4-pentadione derivates which serve as substrates
for acetylacetone dioxygenase,[5] a non-heme enzyme that
catalyses oxidative degradation of such units. Here we
report on the results of this investigation, which indeed re-
vealed biomimetic O2 activation and ligand oxidation by
complex mechanisms.


Results and Discussion


Complex formation : Synthesis of an iron(II) complex of
Xanthmal2� was pursued by salt metathesis. After deproto-
nation of ligand precursor (Xanthmal)H2 at the Ca position


Abstract: A ligand that offers two par-
allel malonate binding sites linked by a
xanthene backbone, namely, Xanth-
mal2�, has been utilised to synthesise
dinuclear FeII complex [Fe2-
ACHTUNGTRENNUNG(Xanthmal)2] (1). The reactivity of 1 in
contact with O2 was investigated at
�40 8C and room temperature. After
activation of O2 through interaction
with both iron centres the ligand is oxi-
dised: at the Ca position monooxygena-
tion and peroxide formation occur, par-
tially accompanied by C�C bond cleav-
age to yield a-keto ester groups. To


reveal mechanistic details investiga-
tions concerning 1) peroxide decompo-
sition, 2) the reactivity of a correspond-
ing mononuclear complex, 3) the influ-
ence of monooxygenation of the ligand
on the reactivity and 4) product forma-
tion in dependence on time were car-
ried out. The results can be explained
by postulating formation of high-valent


Fe intermediates and ligand-to-metal
electron transfer, and the mechanistic
scheme derived includes several steps
that mimic the (suggested) functioning
of non-heme iron enzymes. In agree-
ment with this proposal, ligand oxida-
tion can also be performed catalytical-
ly. Furthermore, we show that via a
competitive route [(Xanthmal)2Fe2O]
(2) is formed, which is unreactive to-
wards O2 and thus is a dead end with
respect to ligand oxidation. Both com-
pounds 1 and 2 were fully character-
ised, and their properties are discussed.
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by lithium diisopropylamide (LDA) in THF, the resulting
lithium salt was isolated and purified.[3] After its re-dissolu-
tion, one equivalent of FeCl2 or [Fe ACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(MeCN)2] (OTf=
trifluoromethanesulfonate) was added, and the resulting
white precipitate was washed with THF. Characterisation of
this product by IR spectroscopy, elemental analysis and
single-crystal X-ray diffraction revealed it to be [Fe2-
ACHTUNGTRENNUNG(Xanthmal)2] (1), which was isolated in good yields
(Scheme 1).


In 1 the two FeII ions are coordinated by two ligand
equivalents, and it is formed independently of the molar
ratio of the reactants employed. The molecular structure of
1 is shown in Figure 1.


The molecules exhibit a crystallographic centre of inver-
sion, and the diethyl malonate moieties are twisted with re-
spect to the xanthene backbone (C13-C12-C31-C33 65.0,
C3-C2-C24-C25 65.08). As indicated by the C�O bond
lengths and the C-C-C angles of the individual malonate


binding pockets (e.g., C25-C24-C26 119.48) the negative
charge is delocalised over the malonate backbones. The iron
ions are five-coordinate in a distorted square-pyramidal ge-
ometry with the Fe atoms displaced from the O4 basal
planes by 0.3 K. The planes defined by the diethyl malonate
units are somewhat tilted in a way that brings the two Fe
atoms closer together, and the Fe�Fe distance of 3.281 K is
thus significantly shorter than that reported for dinuclear
bis-b-diiminato iron complexes based on the xanthene back-
bone (4.239 K)[6] or the Zn�Zn distance in [(Xanthmal)2Zn2]
(3.766 K).[3] Considering the non-bridging O atoms for each
iron centre reveals two short Fe�O distances (O2, O6) and
one which is slightly longer (O7). The bond lengths involv-
ing the bridging O atoms are longer. Complex 1 is EPR
silent. Its magnetic moment meff at 295 K amounts to 7.60 mB


per complex, which is somewhat higher than the spin-only
value expected for two uncoupled high-spin FeII ions
(6.93 mB). Temperature-dependent measurement of the mag-
netic susceptibility shows weak ferromagnetic coupling: the
effective magnetic moment increases below 50 K (Figure S1,
Supporting Information).[7] Experimental data were mod-
elled by fitting the appropriate Heisenberg–Dirac–van Vleck
spin Hamiltonian for two S=2 iron centres with isotropic
exchange coupling, Zeemann splitting and zero-field split-
ting [Eq. (1)].[8]


Ĥ ¼ �2JŜ1Ŝ2 þ gmBðŜ1 þ Ŝ2Þ þ 2D½S2z�1=3SðSþ 1Þ� ð1Þ


The best fit gave values of g1=g2=2.1, J=0.3 cm�1 and
jD j=4.8 cm�1 (the calculated curve fit is shown as a solid
line in Figure S1, Supporting Information).[9] It should be
pointed out that the fully reduced form of sMMO also ex-
hibits a weak ferromagnetic exchange coupling at lower
temperatures (J=0.3–0.5 cm�1).[10] A Mçssbauer spectrum
of powdered 1 was recorded at 80 K (see Supporting Infor-
mation, Figure S3). It consists of a doublet with d=


1.31 mms�1 and DEQ=2.47 mms�1. These values are similar
to those obtained for other square-pyramidal iron(II) com-
plexes, for example, [Fe2(m-O2CAr


Tol)3(4-NCC5H4N)2]ACHTUNGTRENNUNG[BAr’4]
(d=1.04 mms�1, DEQ=2.85 mms�1; O2CAr


Tol=2,6-di-p-tol-
ylbenzoate, Ar’=3,5-bis(trifluoromethyl)phenyl.[11]


Reactivity of 1 in contact with O2 : As the malonate binding
pockets within 1 are quite basic, the complex is sensitive to
moisture, and considering that it contains pentacoordinate
FeII centres with one open coordination site it is not surpris-
ing that 1 readily reacts with O2, whereby its colour changes
to brown. With respect to the aspects outlined in the intro-
duction, we were interested in how this reaction proceeds
and whether it leads to activation of O2 for oxygenation.
After exposing a solid sample of 1 to a dry O2 atmosphere


for one week work-up yielded the complex [(Xanth-
mal)2Fe2O] (2), which contains an oxido bridge between two
iron ACHTUNGTRENNUNG(III) centres, as revealed by a single crystal X-ray dif-
fraction study (Figure 2).
In the solid state the molecules exhibit D2h symmetry. The


iron ions are located in a distorted square pyramidal coordi-


Scheme 1. Synthesis of [Fe2 ACHTUNGTRENNUNG(Xanthmal)2] (1).


Figure 1. Molecular structure of 1. All hydrogen atoms and one disor-
dered, co-crystallised diethyl ether molecule are omitted for clarity. Se-
lected bond lengths [K] and angles [8]: Fe�Fe’ 3.281(2), Fe�O2 1.986(4),
Fe�O3 2.089(3), Fe�O6 1.967(4), Fe1�O7 2.022(3), Fe’�O3 2.147(4); O6-
Fe1-O7 85.6(2), O3-Fe1-O2 84.4(2).


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9377 – 93889378



www.chemeurj.org





nation sphere that is composed of the Xanthmal oxygen
donor atoms and the bridging oxido ligand. Fe1 is displaced
out of the O4 basal plane by 0.56 K, and Fe2 by 0.57 K. The
Fe1-O10-Fe2 angle is almost linear (1788), and the Fe�O
bond lengths lie within the typical range. All Fe�OXanthmal


bond lengths are very similar and correspond well to the
shorter bonds found in 1. Further comparison of 1 and 2
shows that the C�C and C�O distances in the ligand frame-
works vary only in the second decimal place. Temperature-
dependent measurement of the magnetic susceptibility of 2
showed antiferromagnetic coupling and the best fit [see
Eq. (1)] of the experimental data for two S=5/2 Fe centres
gave J=�110 cm�1 and g1=g2=2.0.,[7,9] The meff/T plot and
the best fit are shown in Figure S2 (Supporting Informa-
tion).
Treating solutions of 1 with dioxygen also led to 2. How-


ever, since the yields achieved were reproducibly quite low,
chelex was added after one such experiment (performed at
�40 8C in acetonitrile) to remove all iron, so that subse-
quently the organic components of the corresponding solu-
tion could be investigated. By means of separation by
column chromatography and subsequent characterisation
with the aid of NMR spectroscopy and mass spectrometry,
nine products resulting from ligand oxidation could be iden-
tified beside protonated Xanthmal2� (see Scheme 2 and Ta-
bles S1 and S2, Supporting Information), which explains the
low yields obtained for 2.
To examine the influence of solvent, temperature and re-


action time on the extent of ligand oxidation, the experi-
ment was repeated under various conditions. Relative quan-
tities of the products (vide supra) were determined with the
aid of 1H NMR spectroscopy. Table 2 lists for each individu-
al functional group the percentage fraction of all possible
functions found in different combinations at the xanthene
backbone (i.e. functions are counted independently of the
second site) in dependence on the reaction conditions.


The third column represents the original malonate bind-
ing pocket in the hydrolysed form. No oxidation has oc-
curred in this case, and the corresponding yield therefore
can serve as a measure for the conversion achieved. The
fourth column shows a group that can only arise in course
of an aqueous work-up from a species with an O atom
linked to the Ca atom of the binding pocket, probably con-
nected at the same time to the corresponding iron centre.
The group shown in the fifth column results from further ox-
idation of the original binding pocket with C�C bond cleav-
age, and the last column shows an organohydroperoxide
unit. Compounds containing the latter can apparently only
be isolated after reactions performed at �40 8C, as judged
from entries 1–4 of Table 2. Accordingly, at room tempera-
ture (and a fortiori at 70 8C) they either decompose in the
presence of iron or they are not formed in the first place.
An excess of O2 does not seem to aid the formation at
�40 8C to the extent one would have expected (cf. entries 6
and 7 in Table 2), probably because the solubility of O2 in


Figure 2. Molecular structure of 2. All hydrogen atoms and one co-crys-
tallised diethyl ether molecule are omitted for clarity. Selected bond
lengths [K] and angles [8]: Fe1�O10 1.766(2), Fe2�O10 1.760(2), Fe1�O2
1.970(2), Fe1�O3 1.994(2), Fe1�O11 1.986(2), Fe1�O12 1.968(2), Fe2�
O6 1.974(2), Fe2�O7 1.972(2), Fe2�O15 1.969(2), Fe2�O16 1.984(2);
Fe1-O10-Fe2 177.8(2), O7-Fe2-O6 85.61(7), O2-Fe2-O3 86.17(7).


Scheme 2. Reaction of 1 with O2 and the ten compounds isolated after
work-up (all combinations of R and R’).


Table 1. Crystal data and structure refinement for 1 and 2.


1·Et2O 2·Et2O


formula C78H106Fe2O19 C78H106Fe2O20


Mr 1459.33 1475.33
F ACHTUNGTRENNUNG(000) 778 1572
T [K 130(2) 150(2)
crystal system triclinic monoclinic
space group P1̄ P21
a [K] 11.243(2) 11.2887(6)
b [K] 12.974(3) 25.6039(11)
c [K] 14.407(3) 13.7735(7)
a [8] 97.054(14) 90
b [8] 99.107(13) 102.155(4)
g [8] 109.853(13) 90
V [K3] 1916.1(7) 3891.8(3)
Z 1 2
1calcd [g cm


�3] 1.265 1.259
reflns measured 18059 52058
reflns unique 6707 15161
GOD F2 1.032 1.032
largest diff. peak/hole [eA�3] 0.843/�0.491 0.910/�0.633
R(F)/wR(F2) (all reflns) 0.0997/0.2586 0.0573/0.1405
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acetonitrile is a limiting factor (c(O2)=4.18Q10�4 molL�1[12]


vs c(1)=19.33Q10�4 mol l�1). Furthermore, Table 2 shows
that the selectivity for the mono-oxygenated product (E2) is
highest at room temperature. At higher or lower tempera-
tures the relative amounts of a-keto ester and peroxide
formed as by-products are higher. Moreover, the reactivity
is highest in acetonitrile as solvent, so all further experi-
ments were carried out with this solvent.


Mechanistic considerations : The results described above
demonstrate that 1 indeed activates dioxygen so that the re-
active species formed oxygenate the ligand.[13] The products
obtained point to a complex underlying mechanism that
seemed very interesting, both from a general point of view,
but also considering the products formed on oxidation of
2,4-pentadiones by the above-mentioned acetylacetone diox-
ygenase: these are carboxylic acid and pyruvaldehyde deri-
vates, which are proposed to form via an organoperoxo in-
termediate according to Scheme 3.[14]


Cleavage of an acetylacetone derivative to yield a substi-
tuted pyruvaldehyde is reminiscent of the malonate cleavage
leading to the a-keto ester shown in Scheme 2, and hence
an investigation of the corresponding mechanism seemed
valuable, also in this respect.


The role of FeII and FeIII : First, the function of iron in the
oxidation reaction must be contemplated. As there are liter-
ature reports that various alkyl methyl esters, after complex-


ation with alkali metal cations,
react in the presence of hexam-
ethylphosphoramide with di-
oxygen to yield the correspond-
ing 2-hydroperoxy esters,[15] it
seemed possible that the
iron(II) ions in 1 do not acti-
vate the reagent dioxygen
through its redox properties but
rather the ligand via its Lewis
acidic character[16] (O2 would
not have to bind to iron then).
However, analogous treatment
of [(Xanthmal)2Zn2]


[3] or
[(Xanthmal)Li2]


[3] with O2 did
not lead to any conversion, so
the first step of the reaction of
1 with dioxygen will consist of
its binding to iron. A further
important question concerns


the role of 2 in the system. Is it an active intermediate or a
compound formed in a competitive dead-end route? In fact,
active participation is imaginable: Once 2 is formed through
initial FeIII superoxido formation and reaction with a further
equivalent of 1, intramolecular ligand-to-metal electron
transfers could re-establish the oxidation state + II at the
iron centres. Concomitantly, two of the malonate units
would be converted to malonyl radicals with the unpaired
spin density mainly located at Ca (Scheme 4). In this form
the ligand would surely be prone to react with dioxygen as a
scavenger, and subsequent steps could lead to compounds
whose work-up would give rise to the oxidised compounds
found.


To clarify whether this is a realistic scenario, several ex-
periments were performed in which 2 was exposed to dioxy-
gen at �40 8C and room temperature in acetonitrile. In none
of these cases was any reactivity observed, so oxidation of


Scheme 3. Proposed mechanism for the cleavage of 2,4-pentadione deri-
vates by enzyme Dke1.


Scheme 4. Conceivable reactivity of 2 that can be excluded.


Table 2. Relative “yields of functional groups [%]” generated on exposure of a solution of 29 mmol of 1 in
15 mL of solvent to a dry dioxygen atmosphere. The values are averages for two runs.


�R,R’=


Entry Conditions


E1 E2 E3 E4


1 Et2O, 5 h, RT, 18 equiv O2 79.4 20.6 0.0 0.0
2 MeCN, 5 h, RT, 18 equiv O2 67.7 30.2 2.1 0.0
3 MeCN, 16 h, RT, 18 equiv O2 62.7 33.7 3.6 0.0
4 MeCN, 3 h, 70 8C, 18 equiv O2 44.1 48.5 7.4 0.0
5 MeCN, 16 h, �40 8C, 18 equiv O2 44.2 33.6 9.4 12.8
6 MeCN, 86 h, �40 8C, 18 equiv O2 34.7 37.5 14.6 13.3
7 MeCN, 24 h, �40 8C, 54 equiv O2 36.2 35.5 14.3 13.9
8 MeCN, 86 h, �40 8C, 54 equiv O2 34.1 36.2 14.1 15.7
9 CH2Cl2, 24 h, �40 8C, 54 equiv O2 71.1 24.6 1.3 3.0
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the ligand and formation of 2 must represent two concurrent
reaction pathways. The oxidation reactions require FeII.


Mononuclear versus dinuclear reactivity : A further impor-
tant question for the subsequent mechanistic discussions is
whether cooperative binding of O2 by two iron centres is re-
sponsible for the observed reactivity, or whether the two
iron centres act independently. Therefore, ligand precursor
(Xanthmalmono)H (4) was synthesised and lithiated for subse-
quent reaction with FeCl2 to yield iron complex
[Fe2(Xanthmalmono)2] (6 ; Scheme 5), a mononuclear iron


compound comparable to 1. Even though it was not possible
to crystallise 6 and thus confirm its structure by an X-ray
diffraction study, this was achieved for a derivative,[17] so we
can be sure about the mononuclear character of 1. Any dif-
ference observed in the reactions of 6 with O2 in comparison
to 1 should indicate cooperative behaviour of the two iron
centres in 1.
Treating solutions of 6 with O2 leads to only two products


of ligand oxidation: alcohol and a-keto ester. A hydroperox-
ide cannot be isolated after work-up (Scheme 6). The oxida-
tion products were quantified by NMR spectroscopy after
removal of all iron ions from the solution. Table 3 lists these
quantities in dependence on the reaction conditions.
Comparing entry 3 of Table 3 with entry 7 of Table 2


shows that now the a-keto ester is the main product of the
reaction, while alcohols were predominantly isolated after
reaction of 1 with O2. This, as well as the fact that even at
�40 8C no peroxides are formed, points to a different (mon-
onuclear) mechanism of O2 activation for 6. This is also sup-
ported by the results obtained at room temperature and at
70 8C. At these temperatures the sum of all oxidation prod-
ucts is significantly lower for 6 than for 1, and the product


distribution is different, too. These results suggest that in
the case of 1 activation of dioxygen involves cooperative
action of both iron centres. A dinuclear route for 6 would
require the interaction of two molecules for O2 activation,
and thus it should be intrinsically slower than the corre-
sponding reaction of 1, in which such a situation is prear-
ranged intramolecularly. To test whether there is any contri-
bution at all, the reaction of 6 with O2 was also repeated
under diluted conditions (50 mL acetonitrile, 29 mmol of 6,
24 h at �40 8C, 27 equiv O2). Any dinuclear process should
then become even slower, and this should express itself in
the product distribution. However, this experiment did not
lead to any difference in the distribution of oxidation prod-
ucts, so a dinuclear reaction pathway can be excluded for 6.
The binding of O2 must occur at one Fe centre, presumably
through formation of an iron superoxido species. Subse-
quently, activation is not supported by a second metal
centre as in 1, and this will then most likely lead to attack of
the nucleophilic oxygen atom of the FeIII superoxide moiety
at the electrophilic C atom of an ester unit with formation
of an organoperoxido iron moiety. This kind of reactivity is
also found in a-keto acid dependent non-heme iron proteins
and model compounds thereof.[18] Such an intermediate
could decompose to give an a-keto ester and carbonic acid
ester EtOCO2


� (Scheme 7, route a).[19] On the other hand,
the superoxide formed initially can apparently also initiate
double monooxygenation of the ligand (Scheme 7, route b),


Scheme 5. Synthesis of 6.


Scheme 6. Reaction of 6 with O2 and the resulting ligand oxidation prod-
ucts.


Table 3. Yields [%] of oxidation products obtained on exposure of a so-
lution of 6 (29 mmol) in acetonitrile (15 mL) to a dry dioxygen atmos-
phere. The values are averages for two runs.


R=


Entry Conditions


E1 E2 E3


1 5 h, RT, 9 equiv O2 84.6 6.5 8.9
2 3 h, 70 8C, 9 equiv O2 82.3 11.9 5.8
3 24 h, �40 8C, 27 equiv O2 45.9 22.9 31.2
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but route a seems to be more favourable. Of course, this
kind of reactivity can also occur for 1, but it is only a back-
ground process, as the product distribution shows (i.e. , the
dinuclear route is faster).
Hence, it can be concluded at this stage that both Fe cen-


tres of 1 are involved in O2 activation. Furthermore, it can
be inferred that formation of the organoperoxide species (as
isolated after the reaction of 1) also requires two Fe centres
and that they do not originate from Fe superoxido species;
otherwise, corresponding products should have occurred
after reaction of 6, too. It therefore seemed important to in-
vestigate the role of the peroxide intermediates in the for-
mation of the other products.


Peroxide decomposition: When the reaction of [Fe2-
ACHTUNGTRENNUNG(Xanthmal)2] (1) and dioxygen was monitored by IR spec-
troscopy at room temperature and �40 8C for 5 h, the bands
for n ACHTUNGTRENNUNG(C=O/C=C) vibrations at 1646 and 1607 cm�1 as well as
the band for n ACHTUNGTRENNUNG(C�O) vibration at 1109 cm�1 decreased,
while a new n ACHTUNGTRENNUNG(C=O) band appeared at 1735 cm�1, which can
be explained by monooxygenation of the ligand (Scheme 8).
Assuming that organoperoxido iron units are in fact re-


sponsible for E4 of Table 2 in the case of the low-tempera-
ture reactions, the question arises whether these also repre-
sent the precursors for E2 and E3 or whether the corre-
sponding species are generated via alternative pathways. To
study the decomposition of the organoperoxido iron com-
pounds formed initially,[20] a reaction mixture whose work-
up in a separate experiment led to the data in entry 7 of
Table 2 was degassed. It was then warmed to room tempera-
ture and stirred for 24 h in one experiment, while in another


it was stirred at �40 8C for 48 h. Subsequent work-up (see
Supporting Information) showed that at room temperature
the peroxido species completely decompose to give E2
(78%) and E3 (22%), while decomposition is far slower at
�40 8C: only 2% decomposition was observed after 48 h
(E2/E3 70/30), which is not sufficient to explain entry 7. Fur-
thermore, it became obvious that peroxide decomposition
does not alter the percentage of unconverted malonate,
which is noteworthy: As the peroxide contains two O atoms
and the corresponding alcohol only one, an oxo atom must
be transferred somewhere for each equivalent of alcohol
generated in the course of peroxide decomposition, and the
receptor is apparently not an unconverted malonate group.
It seems unlikely that the rather inert solvent acetonitrile is
oxidised.[21] More likely the FeII/FeII unit is oxygenated to a
FeIII-O-FeIII moiety. At that stage reactivity stops, and in
consequence only monofunctionalised Xanthmal ligands can
be obtained in this way. However, as outlined above the al-
cohol group occurs also in combination with the other oxi-
dised entities, and accordingly these must form via different
pathways. Moreover, at room temperature decomposition of
a peroxido intermediate cannot be a major reaction route to
E2 either, as the E2/E3 ratio is 94/6, and that does not agree
with that found for decomposition of the peroxides at this
temperature. Finally, it appears that the overall sum of oxi-
dised ligand functions is decreased by raising the tempera-
ture, which is also not in line with a formation route via de-
composition of peroxide.


Monooxygenation: Thinking of a more direct route to mon-
ooxygenation, it is reasonable to assume initial formation of
a FeIII superoxido species that is trapped by the neighbour-
ing FeII ion to give a Fe-O-O-Fe moiety (Scheme 9). This
kind of reactivity has also been proposed for the sMMO[4]


and for several biomimetic model complexes.[22]


The next step could consist of homolytic O�O bond cleav-
age which would lead to two FeIV=O units[23] (Scheme 10),


Scheme 7. Oxidation of the ligand via a mononuclear pathway.


Scheme 8. Mono-oxygenation of Xanthmal2�.


Scheme 9. First steps in the reaction of 1 with dioxygen.
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and these should in turn be the active species.[24] Three reac-
tion routes can be envisioned for these: reaction with a fur-
ther equivalent of 1 should provide two equivalents of 2,
and this is a dead-end route (Scheme 10, route a). Further-
more, it is possible that one FeIV=O unit mono-oxygenates
the ligand while the second establishes an oxido bridge to
the neighbouring iron centre (Scheme 10, route b, leading to
mono-hydroxylation). This again would lead to a FeIII/FeIII


complex that would not show any further reactivity. Finally,
it is possible that each FeIV=O group mono-oxygenates one
of the donor functions bound to it in the a-position (route c,
leading to 1 equiv of the corresponding diol, or two equiva-
lents of mono-hydroxylated ligand, Scheme 10). Only via
route c is a FeII/FeII complex reformed that in principal
could undergo further O2 binding reactions analogous to
those in Scheme 10 or even more exhaustive oxidation to
give compounds that beside an alcohol unit also contain per-
oxide or ketone groups (as listed individually in Tables S1
and S2, Supporting Information).


Peroxide and ketone formation: To test whether a monooxy-
genated ligand can indeed be oxidised further, the isolated
monohydroxylated compound (XanthmalO)H2 (see Support-
ing Information) was allowed to react with LDA, and the re-
sulting lithium salt with FeCl2 (Scheme 11). The iron com-
plex formed was then treated with O2 at room temperature
and �40 8C. The oxidation products identified after work-up
are shown in Table 4.
The results suggest that the oxygenated species formed


via route c in Scheme 10 is not a precursor for peroxides or


doubly oxygenated products at �40 8C.[26] Apparently, mono-
oxygenation leads to deactivation, and only at room temper-
ature is further oxidation observed. Hence, a fundamentally
different mechanism for ketone and peroxide is required to
explain the presence of these functional groups beside alco-
hol units in the products.
Going back to the FeIV=O/FeIV=O species formed after


homoleptic O�O bond cleavage, as shown in Scheme 10, a
further (additional) reaction route seems plausible: Certain-
ly, such a high-valent species would stabilise itself through
electron transfer from the ligand p system to the highly oxi-
dised FeIV centres,[27] which would lead to FeIII ions and a
ligand-centred radical (Scheme 12).
The radical would be prone to attack by the diradical O2,


which would lead to an organoperoxide radical. Such trap-
ping has also been suggested to initiate the activity of acety-
lacetone dioxygenase,[14a] and by analogy to the processes
proposed for it in Scheme 3 subsequent reactions can be en-
visioned for the organoperoxo intermediate derived from 1
that lead to the corresponding a-keto esters (route e in
Scheme 13). Alternatively, the organoperoxide species could
react to give an organoperoxido iron(IV) species


Scheme 10. Proceedings after O�O bond cleavage.


Table 4. Yields of oxygenated ligand generated on exposure of a solution
of [Fe2(XanthmalO)2] (24 mmol) in acetonitrile (10 mL) to a dry dioxygen
atmosphere.


Conditions


E1 E2 E3


MeCN, 5 h RT, 18 equiv O2 83.8 15.0 1.2
MeCN, 24 h �40 8C, 54 equiv O2 97.8 2.2 0.0


Scheme 11. Synthesis of [Fe2(XanthmalO)2] and its reaction with O2.
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(Scheme 13, route f), which would be the source of E4 in
Table 2. Decomposition of the organoperoxido iron units
can be imagined to yield complexes that also contribute to
E2 and E3 in Table 2, albeit only to a small extent according
to the results described under “peroxide decomposition”. In
any case, ketone formation should be accompanied by for-
mation of one equivalent of complexed EtOCO2


�, which
could be anticipated to eliminate CO2. However, liberation
of CO2 was not observed during the reaction, while EtOH
could be detected among the products after work-up, so we
assume decomposition of EtOCO2


� at this stage. Scheme 13
summarises all mechanistic suggestions gathered on basis of
the experimental data for the system 1/O2 at �40 8C: Reac-


tion route c (monooxygenation of the ligand) as well as
routes a and b (to the FeIII compounds) of the FeIV=O unit
compete with reactivity based on the FeIII/radical unit (d fol-
lowed by e or f). The latter can occur at one of the malonate
units independently of the other, which accounts for all per-
mutations of functional groups shown in Table 2 at one xan-
thene backbone.
To get information on product formation in dependence


on time, reactions at �40 8C were interrupted after different
periods of time and the products formed until then deter-
mined. This revealed that a conversion of about 55% is
reached over the first 17 h, while conversion of the next
10% takes about 85 h, that is, the oxidation of the ligand
cannot be driven to completion within a reasonable time
window, presumably due to deactivation through route c in
Scheme 13 and formation of FeIII species (routes a and b). A
closer look at the individual compounds formed (see Sup-
porting Information), reveals that the proportion of mono-
functionalised compounds increases during the first 2–3 h
and then decreases again in favour of bifunctionalised ones,
and this is reasonable if a sufficiently long lifetime of the
O=FeIII/radical intermediates is assumed. On this basis one
would envision that addition of a radical trap should prohib-


Scheme 12. Intramolecular electron transfer from the ligand to the FeIV


centre.


Scheme 13. Summary of the mechanism for the reactivity of 1 in contact with O2 at �40 8C and subsequent processes. Reactions shown for only one site
can also occur in parallel at the other (grey).
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it peroxide and thus also ketone formation; secondly, the
yield of alcohols should significantly decrease. However, it
proved difficult to find a radical trap that 1) is not protic
(protons hydrolyse 1), 2) does not react with O2 or O2C


� und
thus prohibits reactivity, 3) does not initiate radical reactions
itself and 4) does not coordinate strongly. For instance, we
employed NO which, however, undergoes redox reactions
with 1, and CBrCl3 similarly reacts with 1 before O2 addi-
tion, perhaps because it is a radical starter, too. The most
convincing results were obtained after addition of naphthyl-
phenylamine,[28] whose presence (290 mmol in 20 mL aceto-
nitrile containing 29 mmol of 1) during the reaction with O2


led to selective formation of the mono-oxygenated ligand
and decreased reactivity (work-up after 24 h at �40 8C in
the presence of 54 equiv O2 gave 17.5% (XanthmalO)H2).
Although it is usually difficult to compete with intramolecu-
lar ligand oxidation if this occurs readily, we also tried to
perform reactions of the high-valent intermediates with ex-
ternal substrates to gain further evidence of their existence.
Hence, the reaction of 1 with O2 was performed in the pres-
ence of a thousandfold excess of cyclooctene at room tem-
perature and �40 8C. At room temperature one oxo atom
per four equivalents of 1 was transferred to cyclooctene to
give cyclooctene epoxide, and at �40 8C only traces of cyclo-
octene epoxide were detected. In both reactions, no diol was
observed among the products.


Reaction at room temperature: Having derived a plausible
mechanism for the reactivity of 1 with dioxygen at �40 8C
the question remains why the yields of oxygenated products
decrease at room temperature while the selectivity with re-
spect to alcohol functional groups increases. A possible ex-
planation would be that at room temperature the FeIV=O or
FeIII=O/radical intermediates react more rapidly along the
lines of routes a–c in Scheme 13, and therefore the bimolec-
ular reaction with O2 (present only in low concentrations,
vide supra) according to route d in Scheme 13 has less room
for development, that is, less ketone is formed. The lower
overall yields observed can be understood by taking into ac-
count that routes a and b utilise the activated oxygen for the
formation of Fe-O-Fe units, and this oxygen as well as the
corresponding Fe sites are lost for ligand oxidation. To test
this hypothesis the reaction of 1 at room temperature was
followed in dependence on time. In line with the above ar-
guments, the main part of the oxidation products observed
after 16 h had already formed after 30 min, that is, reactions
in Scheme 10 are accelerated and the smaller extent of con-
version is due to more rapid formation of Fe-O-Fe units.


Catalysis: Following route c in Scheme 13, it can be noted
that after ligand oxidation the iron centre is back in the oxi-
dation state + II, and the same is true for routes e and f if
they are followed by route c. Thus, in principle a catalytic
conversion should be possible. To test this hypothesis a mix-
ture of 1 and [(Xanthmal)Li2] in the ratio of 1:20 was treat-
ed in the usual way with O2, and the yields of oxidation
products were determined. The results are summarised in


Table 5, and they show that indeed catalytic conversion
occurs.


Apparently, directly after functionalisation of a ligand it is
replaced by an unchanged ligand. This reactivates the iron
centres after one process of oxidation for another one. As
immediate replacement also occurs for peroxide formed via
route f, peroxide isolation now also becomes possible after
reaction at room temperature.[20] The small amounts of per-
oxides formed confirm again that monooxygenation is the
fastest reaction type, but the complete absence of ketones
among the products is unexpected on the basis of the previ-
ous results, and the preferred formation of peroxides at
room temperature remains unclear, too. A possible explana-
tion would be that the catalytic conditions introduce a novel
aspect, for example, formation of an “ate complex”, or bind-
ing of a “substrate ligand” only by one functional group.
The fact that catalysis can also be achieved at room temper-
ature (only 26% of all original malonate groups remained
untouched, i.e. , TON=17 per Fe centre) shows that under
these conditions the routes of Scheme 13 that lead to FeIII


are slow in comparison to single or double monooxygena-
tion of the ligand (FeIII would mean the end of catalysis);
for instance, a possible explanation for the suppression of
route a (requiring a second equivalent of 1) would be the
significantly decreased concentration of 1 under catalytic
conditions. It is then consistent (also considering the previ-
ous results for the stoichiometric reactions) that the TON
for oxygenation at room temperature is higher than at
�40 8C. The occurrence of peroxides in entry 1 of Table 5
provides evidence that, as we assumed above, these in fact
also form at room temperature but quickly decompose if
they remain bound to iron. Here, in the catalytic experi-
ment, they could be identified, since directly after their for-
mation pristine ligand replaces them at the Fe centres, so
that their decomposition is prohibited.[20]


Table 5. Relative “yields of functional groups [%]” generated on expo-
sure of a solution of 1 (2.7 mmol) and [(Xanthmal)Li2] (54 mmol) in aceto-
nitrile (15 mL) to a dry dioxygen atmosphere (36 equiv) for 5 h. The
values are averages for two runs.


�R,R’=


Conditions


E1 E2 E3 E4


RT 26.1 67.3 0.0 6.6
�40 8C 60.3 38.6 0.0 1.1


Chem. Eur. J. 2008, 14, 9377 – 9388 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9385


FULL PAPERCooperative Activation of Dioxygen and Biomimetic Ligand Oxidation



www.chemeurj.org





Conclusion


Employing the ligand Xanthmal2� we synthesized a dinu-
clear FeII complex that can activate O2 by cooperative
action of both Fe centres. This leads to subsequent reactions
in the course of which the ligand donor groups are oxygen-
ated: the original malonate units are oxygenated or peroxy-
genated at the Ca positions and a further pathway leads to
a-keto ester groups. The results of a detailed mechanistic in-
vestigation suggest that these reactions proceed via inter-
mediate formation of oxidoiron(IV) units which can directly
hydroxylate ligand functions. Alternatively, they initiate
ligand-to-metal electron transfer followed by trapping of O2.
Formation of Fe-O-Fe units, which leads to a deactivation of
the system, is effectively suppressed at �40 8C but becomes
more prominent at room temperature. Investigations on a
comparable mononuclear system confirmed that indeed
both Fe centres are required to give the observed reactivity.
Consistent with the mechanistic proposal deduced both for
room temperature and �40 8C, ligand oxidation can also be
performed in a catalytic fashion. While this is not a reaction
that leads to valuable products, the study of the entire
system revealed interesting basic mechanistic steps that in
four instances are also biomimetic (Fe-O-O-Fe formation:
sMMOH; ligand-to-metal electron transfer and subsequent
O2 trapping: catechol dioxygenases; FeO2 attack at com-
plexed carbonyl groups: a-keto acid dependent non-heme
iron enzymes; product formation: acetylacetone dioxyge-
nase). The findings thus contribute to a more comprehensive
understanding of biological and biomimetic systems and
help to establish the rational design of bio-inspired catalysts.


Experimental Section


General considerations and physical methods : All manipulations except
for the synthesis of 4 were carried out in a glove box or by means of
Schlenk-type techniques under a dry argon atmosphere. The 1H and
13C NMR spectra were recorded on a Bruker AV 400 NMR spectrometer
(1H 400.13 MHz; 13C 100.63 MHz) with CDCl3 or CD3CN as solvent at
20 8C. The 1H and 13C NMR spectra were calibrated against the residual
proton and natural-abundance 13C resonances of the deuterated solvent
(CDCl3 dH=7.26 ppm and CD3CN dH=1.94 ppm). Microanalyses were
performed on a Leco CHNS-932 elemental analyser. Infrared (IR) spec-
tra were recorded on samples prepared as KBr pellets with a Digilab Ex-
calibur FTS 4000 FTIR spectrometer. Mass spectra were recorded on a
Varian MAT311A/AMD (ESI). Temperature-dependent magnetic data
were measured with a Quantum-Design MPMS-5S SQUID magnetome-
ter equipped with a 5 T magnet. The powdered samples were contained
in a gel bucket and fixed in a nonmagnetic sample holder. Each raw data
file for the measured magnetic moment was corrected for the diamagnet-
ic contribution from the sample holder, the gel bucket and the sample.
Mçssbauer spectra were recorded with a 57Co source in a Rh matrix on a
Wissel Mçssbauer spectrometer equipped with a Janis closed-cycle
helium cryostat. Isomer shifts are given relative to iron metal at ambient
temperature. Simulation of the experimental data was performed with
the Mfit program (E. Bill, Max-Planck Institute for Bioinorganic Chemis-
try, M9lheim/Ruhr, Germany).


X-ray structure determination : The crystals were mounted on a glass
fibre and then transferred into the cold nitrogen gas stream of a Stoe
IPDS2T diffractometer equipped with MoKa radiation (l=0.71073 K).


The structures were solved by direct methods (SIR 2004)[29] and refined
versus F2 (SHELXL-97)[30] with anisotropic temperature factors for all
non-hydrogen atoms (Table 1). All hydrogen atoms were added geomet-
rically and refined by using a riding model. CCDC-684680 (2), CCDC-
684681 (1·2MeCN) and CCDC-684682 (1) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Materials : Solvents were purified, dried and degassed prior to use.
Chelex, an iminodiacetic acid based ion exchanger, was purchased from
Sigma. [Fe ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(MeCN)2],


[31] Fe[N ACHTUNGTRENNUNG(SiMe3)2]2 ACHTUNGTRENNUNG(thf)2,
[32] 4-Bromo-2,7-di-


tert-butyl-9,9-dimethylxanthene (3),[33] LDA and [(Xanthmal)Li2]
[3] were


prepared according to the literature procedure.


Synthesis


Bis ACHTUNGTRENNUNG(k2-O,O- ACHTUNGTRENNUNG(4,5-bis(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-
dimethylxanthenato-diiron(II), [Fe2 ACHTUNGTRENNUNG(Xanthmal)2] (1)


Method 1: One equivalent of FeCl2 or [Fe ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(MeCN)2] was added to
a suspension of one equivalent of [(Xanthmal)Li2] in THF and the mix-
ture stirred for 14 h at room temperature. Subsequently, the white precip-
itate was separated by filtration and washed twice with THF (15 mL).
After drying in vacuo, 1 was obtained as a white powder in yields of 63
and 70%, respectively.


Method 2 : Fe[N ACHTUNGTRENNUNG(SiMe3)2]2 ACHTUNGTRENNUNG(thf)2 (823 mg, 1.58 mmol) was added to a solu-
tion of (Xanthmal)H2 (1.00 g, 1.58 mmol) in THF and the mixture stirred
for 14 h. After removal of all volatile materials in vacuo the product was
isolated as described above; yield: 394 mg (0.284 mmol, 36.0%). Crystals
of 1 suitable for single-crystal X-ray diffraction were obtained by slow
evaporation of solvent from a saturated diethyl ether solution. IR: ñ=


2964 (s), 2903 (m), 2869 (w), 1636 (vs), 1612 (vs), 1479 (vs), 1464 (vs),
1444 (vs), 1406 (vs), 1376 (vs), 1333 (vs), 1294 (m), 1275 (m), 1242 (m),
1205 (vw), 1168 (w), 1102 (vs), 1073 (m), 1047 (vw), 894 (vw), 874 (w),
857 (vw), 789 (w), 742 (vw) cm�1; elemental analysis calcd (%) for
C74H96O10Fe2: (1385.23): C 64.16, H 6.99; found: C 63.91, H 7.30.


Bis ACHTUNGTRENNUNG(k2-O,O- ACHTUNGTRENNUNG(4,5-bis(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-
dimethylxanthenato-m-oxidodiiron(II) (2)


Method 1: Dioxygen (12 mL) was added to a solution of 1 (338 mg,
0.244 mmol) in dichloromethane at �30 8C. Over 5 h the reaction mixture
was warmed to ambient temperature and stirred for a further 2 h. The
solvent was removed in vacuo and diethyl ether (20 mL) was added. The
resulting suspension was filtered, and the brown residue was dissolved in
diethyl ether. Analytically pure crystals of [(Xanthmal)2Fe2O]·Et2O were
obtained by slow evaporation of the solvent from this solution. Yield:
50 mg (14%).


Method 2 : Dioxygen (40 mL) was added to 100 mg of powered 1 (72.1
mmol). After one week dioxygen was removed and the brown powder
was dissolved in diethyl ether (15 mL). Analytically pure crystals of
[(Xanthmal)2Fe2O]·Et2O were obtained by slow evaporation of the sol-
vent from this saturated solution. Yield: 30% (32 mg, 21.3 mmol). IR: ñ=


2963 (s), 2932 (m), 2868 (w), 1604 (vs), 1456 (s), 1439 (s), 1410 (m), 1381
(s), 1308 (w), 1288 (w), 1238 (w), 1169 (w), 1111 (vs), 897 (vw), 858 (vw),
795 (vw) cm�1; elemental analysis calcd (%) for C78H106O20Fe2 (1475.35):
63.50, H 7.54; found C 63.30, H 7.54.


4-(1’,3’-Ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-dimethylxan-
thene (4): Diethyl malonate (3.8 mL, 23 mmol) was added to a suspen-
sion of 3 (8.45 g, 21.1 mmol), K3PO4 (11.2 g, 53 mmol), [Pd(trans,trans-di-
benzylideneacetone)2] (303 mg 0.527 mmol) and PtBu3 (214 mg,
1.06 mmol) in toluene (50 mL) at RT under an argon atmosphere with ex-
clusion of light. The resulting suspension was heated for 15 h at 70 8C.
Subsequently, the insoluble residue was removed by filtration over
Celite. After removal of all volatile substances from the filtrate in vacuo
the residual yellow oil was purified by column chromatography on silica
gel with petroleum ether (40/60)/EtOAc (10/1) as eluent. After removal
of all volatile substances 4 (7.88 g, 15.9 mmol, 75.4%) was obtained as a
white powder. 1H NMR (CDCl3): d=1.28 (t, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 6H;
OCH2CH3), 1.32 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.33 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.63 (s, 6H; C-
ACHTUNGTRENNUNG(CH3)2), 4.25 (q, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H; OCH2-CH3), 5.25 (s, 1H; CH-
ACHTUNGTRENNUNG(CO2Et)2), 7.20 (dd, J ACHTUNGTRENNUNG(H,H)=8.5, 2.4 Hz, 1H; CHAr), 7.20 (d, J ACHTUNGTRENNUNG(H,H)=
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2.3 Hz, 1H; CHAr), 7.25 (d, J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 1H; CHAr), 7.29 ppm (m,
2H; CHAr);


13C{1H} NMR (CDCl3): d =14.1 (OCH2CH3), 31.5 (C ACHTUNGTRENNUNG(CH3)3),
31.5 (CACHTUNGTRENNUNG(CH3)3), 32.1 (C ACHTUNGTRENNUNG(CH3)2), 34.5 (Cquat), 34.5 (Cquat), 34.6 (Cquat), 51.8
(CH ACHTUNGTRENNUNG(CO2Et)2), 61.6 (OCH2CH3), 115.6 (CHAr), 119.7 (Cquat), 122.4
(CHAr), 122.5 (CHAr), 124.2 (CHAr), 124.6 (CAr), 129.3 (CHAr), 129.4
(CAr), 144.8 (CAr), 145.8 (CAr), 146.1 (CAr), 148.1 (CAr), 168.6 ppm
(COOEt2); HRMS (ESI): m/z : 481.2949 [M+H]+ (calcd: 481.2949),
503.2768 [M+Na]+ (calcd: 503.2768); IR: ñ =2961 (s), 2903 (m), 2867
(w), 1749 (vs), 1728 (vs), 1502 (m), 1466 (vs), 1406 (m), 1362 (s), 1313
(vs), 1292 (s), 1225 (s), 1205 (s), 1194 (m), 1171 (m), 1184 (s), 1111 (m),
1086 (w), 1038 (m), 1030 (m), 829 (m) cm�1; elemental analysis calcd (%)
for C30H40O5 (480.64): C: 74.97, H 8.39; found C 74.74, H 8.25.


Bis ACHTUNGTRENNUNG(k2-O,O-(4-(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-dime-
thylxanthenatolithium (5): LDA (657 mg, 6.13 mmol) was added to a so-
lution of 4 (2.95 g, 6.14 mmol) in THF (50 mL) and the mixture stirred
for 14 h at room temperature. After removal of all volatile components
in vacuo the residual yellow solid was washed twice with diethyl ether/
hexane (2/1, 60 mL). The remaining white powder was dried in vacuo to
obtain 5 (2.09 g, 4.29 mmol, 70%). 1H NMR (CD3CN): d =0.96 (t, J-
ACHTUNGTRENNUNG(H,H)=7.1, 6H; OCH2CH3), 1.31 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.61 (s, 6H; C-
ACHTUNGTRENNUNG(CH3)2), 4.92 (m, 4H; OCH2CH3), 6.79 (d, J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; CHAr),
7.09 (d, J ACHTUNGTRENNUNG(H,H)=2.5 Hz, 1H; CHAr), 7.23 (d, J ACHTUNGTRENNUNG(H,H)=2.5 Hz, 1H;
CHAr), 7.48 ppm (d, J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H; CHAr); IR: ñ=2964 (s), 2905
(m), 2870 (w), 1616 (vs), 1505 (s), 1458 (vs), 1419 (m), 1406 (s), 1377 (s),
1364 (m),1331 (vs), 1292 (m), 1271 (m), 1244 (m), 1231 (w), 1165 (w),
1095 (vs), 1040 (w), 858 (vw), 798 (w) cm�1.


Bis ACHTUNGTRENNUNG(k2-O,O-(4-(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-dime-
thylxanthenatoiron(II) (6): FeCl2 (260 mg, 2.05 mmol) were added to a
suspension of 5 (2.000 g, 4.11 mmol) in THF (30 mL) and the mixture
stirred for 14 h at room temperature. Subsequently, all volatile compo-
nents were removed in vacuo and 6 was extracted with hexane (60 mL).
After removing the solvent and drying in vacuo 6 was obtained as an off-
white powder in 50% yield (1.04 g, 1.03 mmol). IR: ñ=2964 (s), 2907
(m), 2868 (m), 1607 (s), 1501 (m), 1458 (s), 1408 (m), 1377 (m), 1361 (w),
1335 (s), 1292 (m), 1264 (m), 1244 (m), 1169 (w), 1026 (m), 860 (vw),
1103 (vs) 800 (m) cm�1; elemental analysis calcd (%) for C60H78FeO10


(1014.49): C 70.99, H 7.74; found C 71.03, H 7.69.


Protocol for oxidation studies on 1 and 6 with dioxygen in solution : 1 or
6 (29 mmol) was suspended in 15 mL of solvent as specified in Table 2.
After cooling/heating of the suspension to the indicated temperature,
18 equivalents of dioxygen in the case of 1 and 9 equivalents of dioxygen
in the case of 6 were added by via syringe. In the cases of entry 7 in
Table 2 after 11 and 23 h, and entries 5 and 8 in Table 2 after 5 and 10 h,
an additional 18/9 equivalents of dioxygen were added to the solution.
The solvent was removed in vacuo after the denoted time and diethyl
ether (20 mL) and chelex (1 g) was added. After stirring for 2 h the solu-
tion was filtered and the residue washed with diethyl ether (10 mL). The
solution was evaporated to dryness in vacuo and the resulting residue
was dissolved in CDCl3 (0.6 mL). To determine the ratio of the products,
1H NMR spectra of the CDCl3 solutions were recorded (see Supporting
Information).


Protocol for catalytic oxidation studies with 1: Compound 1 (3.8 mg,
2.7 mmol) and [(Xanthmal)Li2] (35 mg, 54 mmol) were suspended in ace-
tonitrile (15 mL). After cooling/heating the suspension to the indicated
temperature, 9 equivalents of dioxygen were added by syringe. After 5 h
the solvent was removed in vacuo and diethyl ether (20 mL), dilute HCl
(0.1 mL) and chelex (1 g) were added. After stirring for 2 h the solution
was filtered and the residue washed with diethyl ether (10 mL). The solu-
tion was evaporated to dryness in vacuo and the whole residue was dis-
solved in CDCl3 (0.6 mL). To determine the ratio of the products,
1H NMR spectra of the CDCl3 solutions were recorded (see Supporting
Information).


The spectroscopic data of the 11 oxidation products of 1 and 6, the distri-
butions of the oxidation products according to their functional groups
from the catalytic, stoichiometric and time-dependent reactions, as well
as the ratios of products from the decompositions of the organoperoxido
iron species are provided in the Supporting Information, and the experi-


mental data and the best fit of the magnetic measurements of 1 and 2
and the Mçssbauer data of 1 are shown graphically.
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On the Mechanism of d–f Energy Transfer in RuII/LnIII and OsII/LnIII Dyads:
Dexter-Type Energy Transfer Over a Distance of 20 &


Theodore Lazarides,[a] Daniel Sykes,[b] Stephen Faulkner,[b] Andrea Barbieri,[c] and
Michael D. Ward*[a]


Introduction


The use of d-block chromophores as antenna groups to gen-
erate sensitised luminescence from LnIII centres (Ln=a lan-
thanide), following d!f energy transfer, is an area that has
attracted much attention in the last few years.[1] Many types
of transition metal unit have been employed in d–f hybrid
complexes in this way, because of their numerous desirable
characteristics. These include strong absorbance of light in
the visible region, a long-lived (usually 3MLCT (MLCT=


metal-to-ligand charge transfer)) excited state which can act
as the energy donor, and a relatively low 3MLCT energy
(compared to organic chromophores) which is a good match


for the f–f levels of LnIII ions such as PrIII, NdIII, ErIII and
YbIII which generate near-infrared luminescence.[1]


There are two possible types of mechanism for sensitisa-
tion of lanthanide luminescence by energy transfer from a
separate antenna unit (indeed, these apply in general to any
energy transfer). The first is Dexter energy transfer, an elec-
tron exchange mechanism which requires orbital overlap be-
tween donor and acceptor components.[2] This is the mecha-
nism typically assumed for sensitisation of lanthanide-based
luminescence by directly coordinated ligands, through the
ligand-based triplet excited state[2–4] (although there are a
few exceptions, based on energy transfer from singlet excit-
ed states,[5] and mechanisms involving an electron-transfer
step).[6] Because the Dexter mechanism requires direct
donor–acceptor orbital overlap it is a short-range mecha-
nism with an e�d distance dependence (d=distance).[2] How-
ever in the case that donor and acceptor components are
connected by conjugated bridging ligands, long-range
donor–acceptor electronic coupling can occur through an in-
direct superexchange process mediated by the orbitals of
the bridging ligand. Thus the double-electron exchange re-
quired for energy transfer by the Dexter mechanism can
occur over substantial distances,[7,8] and this is still some-
times referred to loosely as “Dexter-type” energy transfer
even though direct donor–acceptor orbital overlap is not in-


Abstract: We have used time-resolved
luminescence methods to study rates of
photoinduced energy transfer (PEnT)
from [M ACHTUNGTRENNUNG(bipy)3]


2+ (M=Ru, Os) chro-
mophores to LnIII ions with low-energy
f–f states (Ln=Yb, Nd, Er) in d–f
dyads in which the metal fragments are
separated by a saturated �CH2CH2�
spacer, a p-C6H4 spacer, or a p-(C6H4)2


spacer. The finding that d!f PEnT is
much faster across a conjugated p-C6H4


spacer than it is across a shorter
CH2CH2 spacer points unequivocally to


a Dexter-type energy transfer, involv-
ing electronic coupling mediated by the
bridging ligand orbitals (superex-
change) as the dominant mechanism.
Comparison of the distance depend-
ence of the Ru!Nd energy-transfer
rate across different conjugated spacers
[p-C6H4 or p-(C6H4)2 groups] is also


consistent with this mechanism. Obser-
vation of Ru!Nd PEnT (as demon-
strated by partial quenching of the
RuII-based 3MLCT emission (MLCT=


metal-to-ligand charge transfer), and
the growth of sensitised NdIII-based
emission at 1050 nm) over approxi-
mately 20 < by an exchange mecha-
nism is a departure from the normal
situation with lanthanides, in which
long-range energy transfer often in-
volves through-space Coulombic mech-
anisms.
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volved. Like through-bond electron transfer, energy transfer
by this mechanism also has an exponential decay with dis-
tance.[8,9]


The second energy-transfer mechanism arises from the
Coulombic interaction between the donor and acceptor elec-
tric fields, and is a through-space interaction which is not
dependent on orbital overlap between components. The sim-
plest (dipole–dipole) component of this is the basis of Fçr-
ster energy transfer,[10] which occurs best between donor and
acceptor components in which the electronic transitions
have substantial transition dipole moments. In the particular
case of lanthanides as energy-acceptors the transition dipole
moment of f–f transitions is small, and higher-order multipo-
lar interactions can also be significant; in particular dipole–
quadrupole interactions between the transition dipole
moment of the donor, and the f–f transition, which may
have a significant transition quadrupole moment.[7,11, 12]


In the case of d–f hybrids, the d-block sensitiser unit is
more remote from the LnIII centre than a directly coordinat-
ed ligand would be, and there may be a lengthy bridging
fragment (saturated or unsaturated) between energy donor
and acceptor fragments.[1] The question therefore arises as
to the mechanism of the energy-transfer process: is it a Cou-
lombic through-space process (Fçrster-type,[10] but with a
possible higher-order multipolar contribution[12]) or a
through-bond electron-exchange process (Dexter-type,[2] but
with the donor–acceptor electronic coupling provided by
participation of bridging ligand orbitals in a superexchange
process[8])?


In addition there are other factors to take into account in
any consideration of energy-transfer mechanisms in d–f hy-
brids.


Firstly, there are specific se-
lection rules for energy transfer
to LnIII ions,[13] based on
changes in the angular momen-
tum quantum number J : the re-
strictions are that jDJ j=0, 1
for Dexter energy transfer
(with the special case of J= J’=
0 being excluded) and jDJ j=2,
4, 6 for multipolar Coulombic
energy transfer, so in principle
either mechanism may occur
depending on which excited
state of the LnIII centre is in-
volved and its jDJ j value with
respect to the ground state.


Secondly, the various process-
es are dependent on distance in
a different way, with Fçrster
(dipole–dipole) energy transfer
depending on d�6, and any
higher-order dipole-quadrupole
contribution to energy transfer
varying as d�8.[14] In contrast,
Dexter energy-transfer (and its


superexchange-mediated analogues) vary as e�d because of
their dependence on the electronic coupling (H).[9] Ex-
change-mediated energy transfer therefore decays with dis-
tance more rapidly than the Coulombic energy transfer.
Thus, the very long range energy transfer involving lumines-
cent LnIII ions as donors in FRET-type biological assays
(FRET= fluorescence resonance energy transfer) operates
by the Coulombic mechanism.[15]


To investigate the issue of the energy-transfer mechanism
over long distances in d–f dyads more closely, we have un-
dertaken a systematic study of a series of related d–f dinu-
clear complexes based on the [M ACHTUNGTRENNUNG(bipy)3]


2+ (bipy=2,2’-bipyr-
idine) derivatives shown in Scheme 1 (M=Ru, Os). These
all contain a [M ACHTUNGTRENNUNG(bipy)3]


2+ chromophore[16,17] connected to a
vacant bipyridyl binding site by an organic spacer which is
either saturated (complexes Ru–CH2CH2 and Os–CH2CH2,
or unsaturated (complexes RuPh, OsPh and RuPh2). Reac-
tion of these with excess [LnACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] (tta=anion of
thenyl-trifluoroacetone, see Scheme 2) in CH2Cl2 solution
affords dinuclear d–f hybrids through an equilibrium reac-
tion of the type shown in Scheme 2, in which the vacant bi-
pyridyl site of the d-block “complex ligand” displaces two
water ligands from the coordination sphere of the LnIII spe-
cies to give an eight-coordinate [Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(bipy)] centre.[18, 19]


The LnIII ions concerned are those which have low-energy
luminescent excited states emitting in the near-IR region,
and which can therefore be sensitised by the 3MLCT states
of the d-block chromophores. A combination of photophysi-
cal studies [measuring i) the degree of quenching of the RuII


or OsII energy-donors and ii) the occurrence of sensitised lu-
minescence in the LnIII energy-acceptors] and calculations


Scheme 1. The RuII and OsII complexes used to prepare the d–f dyads.
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unequivocally indicate that d!f energy transfer in the con-
jugated systems occurs completely through a bridging-ligand
mediated exchange mechanism, and provides additional in-
teresting information on the different abilities of RuII versus
OsII units to act as energy donors. A partial contribution to
energy transfer by a Coulombic mechanism may be possible
in the system with the saturated linker, where exchange
energy transfer is disadvantaged by the reduced electronic
coupling between the components.


We note that similar studies of energy transfer between
two metal centres as a function of the bridging ligand
(length, degree of saturation, rigidity etc.) have been carried
out for many donor–acceptor dyads in which both compo-
nents are based on transition metal (d-block) ions.[8,20] How-
ever such systematic studies have scarcely been performed
for d–f dyads, a situation which is in part remedied by this
work.


Results and Discussion


Choice of complexes: synthesis : The complexes (Scheme 1)
were prepared and characterised by standard methods;
some are known, and some are reported here for the first
time (see the Experimental section for details). The set of
complexes chosen allows for several comparisons of d!f
energy-transfer rates in different systems, as follows:


i) Comparison of the effects of saturated versus unsaturat-
ed bridging ligands (Ru–CH2CH2/RuPh and Os–CH2CH2/
OsPh) will indicate whether or not a conjugated pathway is
necessary for energy transfer to occur (in which case an ex-
change mechanism for energy transfer will be operative), or
whether it occurs just as easily across a saturated spacer (in
which case the Coulombic energy-transfer mechanism will
be operative).


ii) Comparison of related Ru/Os pairs (Ru–CH2CH2/Os-
CH2CH2, and RuPh/OsPh) will allow the effectiveness of
[Ru ACHTUNGTRENNUNG(bipy)3]


2+ versus [Os ACHTUNGTRENNUNG(bipy)3]
2+ as energy-donors to be


evaluated; these complexes are ubiquitous as photosensitis-
ers in polynuclear assemblies and have been of particular in-
terest as sensitisers for LnIII-based emisson in d–f dyads.[1]


iii) Comparison of the pair RuPh/RuPh2 will allow the
effect of increasing distance on energy transfer to be studied
in a pair of complexes containing the same donor and ac-
ceptor groups.


iv) Finally, evaluation of the properties of d–f pairs based
on a specific d-block unit but combined with different LnIII


ions, for example, RuPh with NdIII, ErIII and YbIII will allow
investigation of the abilities of different LnIII ions to act as
energy acceptors according to their availability of f–f states.


Photophysical studies : i) Properties of mononuclear RuII and
OsII complexes; formation of d–f dinuclear complexes in so-
lution : The UV/Vis spectra of the complexes show the usual
intense p–p* transitions in the UV region and less intense
MLCT absorptions in the visible region.[16,17] Characteristi-
cally, the RuII complexes show a 1MLCT absorption mani-
fold in which the maximum is at approximately 450 nm,
whereas the OsII complexes show both 1MLCT absorptions
(l < 500 nm) and weaker, spin-forbidden 3MLCT absorp-
tions between 550 and 700 nm which are visible because of
the higher spin-orbit coupling of OsII compared with RuII


(zOs =3,381 cm�1, zRu =1,042 cm�1).[21] The spectra are sum-
marised in Table 1 and two examples are shown in Figure 1.


The luminescence properties of the mononuclear RuII and
OsII complexes are summarised in Table 2 and are typical of
the well-known behaviour of RuII and OsII bipyridyl com-
plexes.[16,17] All three RuII complexes emit in aerated fluid
solution in the region 600–630 nm, with lifetimes of hun-
dreds of nanoseconds and quantum yields of 3–5%. The two
OsII complexes show lower-energy luminescence with a max-
imum at approximately 720 nm, with lifetimes of <100 ns
and quantum yields of approximately 1%.


The effect of binding a [Ln ACHTUNGTRENNUNG(tta)3] unit at the secondary co-
ordination site was then measured by titrating a solution of
the relevant [Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2] species into a solution of the


Scheme 2. Association of Ln ACHTUNGTRENNUNG(tta)3 units to the vacant bipyridyl sites of the RuII and OsII complexes.


Table 1. Absorption spectra of the complexes in CH2Cl2 at room temper-
ature


Complex lmax [nm] (10�3e [m�1 cm�1])


Ru–
CH2CH2


287 (90), 326 (�9, sh), 358 (�5, sh), 425 (�10, sh), 456 (13)


RuPh 288 (93), 320 (�35, sh), 360 (�10, sh), 395 (�8, sh), 430
(�14, sh), 456 (18)


RuPh2 288 (106), 334 (42), 435 (�16, sh), 463 (20)
Os–
CH2CH2


290 (92), 330 (9.7), 371 (10), 438 (12), 483 (13), 587 (3.4),
645 (2.9)


OsPh 290 (94), 325 (�32, sh), 373 (14), 440 (17), 485 (17), 587
(4.8), 646 (4.4)
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RuII or OsII complex (typically 10�5
m in CH2Cl2), until no


further change occurred in the RuII- or OsII-based lumines-
cence properties. Under these conditions the equilibrium in
Scheme 2 lies substantially to the right: the magnitude of
the association constant for the equilibrium in Scheme 2 is
expected to be in the region 105–107


m
�1,[1] and in agreement


with this we found the Ru–Ln or Os–Ln dyad to be fully
formed after addition of 5–10 equivalents of the appropriate
[Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2]. All photophysical measurements on these
mixtures were performed by using selective excitation of the
RuII- or OsII-based chromophore at 460 nm, a wavelength at


which the [Ln ACHTUNGTRENNUNG(tta)]3 units do not absorb so the excitation
can be regarded as completely selective for the [M ACHTUNGTRENNUNG(bipy)3]


2+


unit. Under these conditions the excess free (non-absorbing)
[Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2] species is “invisible” and does not contrib-
ute to the observed luminescence of the equilibrium mix-
ture.


ii) Comparison of Ru–CH2CH2–Nd with RuPh–Nd : We will
concentrate initially on the RuII–NdIII systems. NdIII has
been demonstrated many times to be a particularly effective
quencher of species which luminesce in the visible region,
because it has a high density of f–f excited states between
11000 and 20000 cm�1. The donor–acceptor spectroscopic
overlap with d-block complexes which show visible-region
luminescence is therefore higher than for other LnIII ions.[1]


In addition sensitised luminescence from NdIII is easy to
detect by the relatively intense emission band at approxi-
mately 1050 nm, a wavelength at which the residual lumines-
cence from [Ru ACHTUNGTRENNUNG(bipy)3]


2+-type luminophores has tailed off
to zero and thus does not interfere.


The most striking contrast is between Ru–CH2CH2–Nd
(see Scheme 2 for nomenclature) and RuPh–Nd, that is, be-
tween systems with saturated and conjugated bridges. In
RuPh–Nd the RuII-based luminescence is substantially
quenched: it is reduced in intensity by approximately 90%
compared to free RuPh (Figure 2) and experiences a con-
comitant reduction in lifetime from 520 to 48 ns (an uncer-
tainty of �5% is assumed for all RuII/OsII-based emission
lifetimes). As the titration proceeds two luminescence com-
ponents are apparent (that is, both 520 ns and 48 ns lifetime
components from free RuPh and bound RuPh–Nd, see Fig-
ure 2b), with the longer component disappearing and the
short component becoming dominant as the titration ap-
proaches completion. From Equation (1) this gives a Ru!
Nd energy-transfer rate kEnT of 1.9P107 s�1 (tq is the
“quenched” lifetime, here 48 ns; tu is the “unquenched” life-
time, here 520 ns). From Equation (2) we see that the quan-
tum yield for RuII!NdIII energy transfer is 91%, in agree-
ment with the reduction of RuII-based emission intensity.


kEnT ¼ tq
�1�tu


�1 ð1Þ


�EnT ¼ 1�tq=tu ð2Þ


That this reduction in RuII-based emission is genuinely
due to Ru!Nd energy transfer is confirmed by two factors.
Firstly, no such quenching occurs in RuPh–Gd, because
GdIII has no low-energy f–f states capable of acting as
energy-acceptors. Secondly, sensitised NdIII-based lumines-
cence (Figure 3a) was observed at 1050 nm (4F3/2!4I11/2) and
1330 nm (4F3/2!4I13/2), which had a lifetime of 1.1 ACHTUNGTRENNUNG(�0.1) ms
but—more significantly—an increase of 60ACHTUNGTRENNUNG(�20) ns, that is,
the rise-time in the NdIII emission matches the decay of the
RuII-based emission, confirming its origin as a sensitised
emission following Ru!Nd energy transfer. Measurements
of the quantum yield of the NdIII-based luminescence are
precluded by the presence of strong residual RuII-based


Figure 1. UV/Vis absorption spectra of a) RuPh and b) OsPh in CH2Cl2.


Table 2. Luminescence properties of the mononuclear RuII and OsII com-
plexes, and their dyad assemblies with LnIII ions.


Compound lem


[nm][a]
102fem


[a] l77 K
em


[nm][b]
t


[ns][a]
tNd


[ns][a,c]
tYb


[ns][a,c]
tEr


[ns][a,c]


Ru–CH2CH2 604 3.7 580 390 210 390 390
RuPh 603 4.3 580 520 48 250 190
RuPh2 626 3.6 592 460 256 460 418
Os–CH2CH2 715 0.9 714 62 57 62 62
OsPh 720 1.4 717 80 51 76 76


[a] Measured in CH2Cl2 at room temperature. Estimated uncertainties:
emission maxima, �2 nm; quantum yields, �20%; lifetimes, �5%.
[b] Measured in a EtOH/MeOH (4:1, v/v) frozen glass at 77 K. [c] Lim-
iting value of the residual RuII- or OsII-based emission at the end of the
titration with the appropriate [Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2], that is, in the Ru–Ln or
Os–Ln adduct.
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emission which overlaps with the high-energy end of the
NdIII emission spectrum, although the value can be estimat-
ed from Equation (3), in which tobs is the observed emission
lifetime (1.1 ms) and t0 is the radiative or “natural” lifetime
(0.25 ms for NdIII):[22] this gives FNd�4P10�3, comparable to
results we have obtained for other [Nd(diketonate)3-
ACHTUNGTRENNUNG(diimine)] complexes.[18,23]


FLn ¼ tobs=t0 ð3Þ


In contrast, in Ru–CH2CH2–Nd the RuII-based lumines-
cence is much less quenched, being reduced in lifetime from
390 to 210 ns, corresponding to a Ru!Nd energy-transfer
rate of 2.2P106 s�1, and fEnT =46%. The resultant sensitised
NdIII-based luminescence at 1050 and 1330 nm showed a
rise-time of 180 ACHTUNGTRENNUNG(�20) ns, to match the RuII-based decay
(210 ns). This is apparent in Figure 3b, where a much great-
er intensity of residual RuII-based emission can be seen as a
decaying background on which the sensitised NdIII-based
emission lines are superimposed. The energy-transfer rate in
Ru–CH2CH2–Nd is therefore an order of magnitude slower
than in RuPh–Nd despite occurring over a shorter distance
(the maximum Ru–Nd separation in Ru–CH2CH2–Nd is
13.4 <, compared to 15.6 < in RuPh–Nd). The clear conclu-
sion from this is that the more efficient energy transfer over


a longer distance in RuPh–Nd arises from a through-bond
electronic coupling mediated by the phenyl spacer, that is, a
Dexter-type superexchange interaction. More detailed com-
ments on this are as follows.


In Ru–CH2CH2–Nd the energy transfer is relatively slow
(2.2P106 s�1), which would be reasonable whichever mecha-
nism is involved. From calculations based on the donor–ac-
ceptor spectroscopic overlap (Table 3) the critical Ru–Nd
distance for Fçrster (dipole–dipole) energy transfer is 8.3 <;
that is, at distances much greater than this, Fçrster energy
transfer would be too slow to compete with radiative deacti-
vation of the RuII centre. Fçrster energy transfer would
therefore require a highly folded conformation of the com-
plex which brings the metal centres close together, as the
Ru···Nd separation in an “opened out” conformation
(13.4 <) is 1.6 times the critical transfer distance (recall that


Figure 2. a) Progressive quenching of the luminescence of RuPh in
CH2Cl2 as portions of [Nd ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] are added (the number of equiva-
lents of added [Nd ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] are shown on each spectrum). b) Time-
resolved measurements, showing the luminescence decay of RuPh at the
start of the titration (decay i)), and the two-component decay (mixture of
free RuPh; and partially-quenched RuPh–Nd; decay ii)) part of the way
through the titration.


Figure 3. Sensitised LnIII-based luminescence from a) NdIII in RuPh–Nd,
b) NdIII in OsPh–Nd, and c) ErIII in RuPh–Er in CH2Cl2, following selec-
tive excitation of the RuII or OsII chromophore at 460 nm. Note in b) the
decaying residual OsII-based luminescence, and similarly in c) the very
weak decaying background of residual RuII-based luminescence; these
are labelled * in each case. These spectra were recorded 250 ns after exci-
tation to allow the RuII or OsII component to decay and reveal the
longer-lived NdIII-based or ErIII-based emission features.
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Fçrster energy transfer has an d�6 distance dependence).
Geometry optimizations performed by using molecular me-
chanics methods show the existence of two minimum-energy
structures for the Ru–CH2CH2–Nd dyad, with �CH2�CH2�
bond torsion angles close to 1808 (Figure 5a) and 608 (Fig-
ure 5b), respectively. In the more compact arrangement
(Figure 5b) the Ru–Nd separation is reduced to 9.6 <, only
a little more than the critical transfer distance, which allows


Fçrster energy transfer to occur with a calculated efficiency
hF=0.29. Higher-order multipolar energy transfer could also
in principle contribute, because the energetically-appropri-
ate 4G5/2 excited state (17700 cm�1) has jDJ j=2 with respect
to the ground state.[12,13]


In such a folded conformation there would also be the
possibility of a weak electronic coupling between the metal


Figure 4. a) Luminescence spectrum of RuPh in CH2Cl2 (uncorrected).
b) Luminescence spectrum of OsPh in CH2Cl2 (uncorrected). c) Absorp-
tion spectrum of [Nd ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] in DMF between 500 and 900 nm.
d) Absorption spectrum of [Er ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] in DMF between 500 and
900 nm.


Table 3. Parameters used to evaluate the energy transfer features within the M–Ln dyads.[a]


Compound kEnT


ACHTUNGTRENNUNG[s�1]
d
[<]


JF
ACHTUNGTRENNUNG[cm3


m
�1]


Rc


[<]
kF


ACHTUNGTRENNUNG[s�1]
JD
[cm]


H
ACHTUNGTRENNUNG[cm�1]


kD


ACHTUNGTRENNUNG[s�1]


Ru–CH2CH2–Nd 2.2P106 13.4[c]


9.6[b]
6.2P10�17 8.3 1.4P105


1.1P106
1.6P10�4 0.1


0.1
2.0P106


1.1P106


RuPh–Nd 1.9P107 15.6 6.3P10�17 8.5 5.1P104 1.6P10�4 0.3 1.9P107


Ru–CH2CH2–Er – 13.4[c]


9.6[b]
3.6P10�18 5.2 8.4P103


6.2P104
1.5P10�5 –


–
–
–


RuPh–Er 3.3P106 15.5 3.6P10�18 5.3 3.1P103 1.6P10�5 0.4 3.3P106


Os–CH2CH2–Nd 1.4P106 13.4 5.5P10�17 6.4 1.9P105 5.2P10�5 0.1 1.2P106


OsPh–Nd 7.1P106 15.5 5.3P10�17 6.9 9.6P104 5.0P10�5 0.3 7.0P106


[a] kEnT is the experimentally observed energy-transfer rate constant; d is the predicted metal–metal separation based on molecular mechanics calcula-
tions; JF and JD are the Fçrster and Dexter overlap integrals; Rc is the Fçrster critical transfer distance; kF and kD are the calculated Fçrster and Dexter
energy transfer rates; H is the electronic coupling value used in calculations of Dexter energy transfer ([Eq. (6)]). [b] More folded conformation (see Fig-
ure 5 b) [c] More extended conformation (see Figure 5 a).


Figure 5. Minimum-energy (MM) models of the complex Ru–CH2CH2–
Nd. a) more extended conformation; b) more folded conformation. For
the sake of clarity, all atoms of the non-bridging ligands, except the coor-
dinating ones (O and N) surrounding the metal centers, have been re-
moved from the picture. The relevant intermetal distances are reported
for the different conformations.
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centres due to interaction of the peripheries of their aromat-
ic ligands (bipyridyl and tta), allowing some Dexter energy
transfer with an efficiency hD =0.46. The corresponding elec-
tronic interaction factor, H=0.1 cm�1, is typical of very
weakly interacting components. Several excited states of the
NdIII in the 11000–20000 cm�1 range match the required
jDJ j=0, 1 selection rule for Dexter energy transfer, as men-
tioned in more detail below.


It is therefore not possible to say definitively which
energy-transfer mechanism is operative in Ru–CH2CH2–Nd,
but it is clearly slow compared to RuPh–Nd and only likely
to happen in highly folded conformers which bring the
metal centres into proximity.


In RuPh–Nd the presence of the conjugated phenylene
bridge increases the energy-transfer rate by an order of
magnitude despite the rigidity of the bridge which imposes a
larger Ru–Nd separation of 15.6 < (with no possibility for
the folding that could occur in Ru–CH2CH2–Nd). Since the
Ru–Nd separation is now essentially fixed at more than
double the Fçrster critical distance, energy transfer can only
occur by the higher-order multipolar or exchange mecha-
nisms. We can easily rule out the former on empirical
grounds: since any multipolar contribution to energy trans-
fer was only modestly efficient in Ru–CH2CH2–Nd (energy-
transfer rate, 2.2P106 s�1; fEnT, 46%), and has a d�8 (or
worse, depending on the multipoles involved) distance de-
pendence, multipolar energy transfer can only make a negli-
gible contribution to the faster energy transfer over a great-
er distance in RuPh–Nd. Therefore we can confidently as-
cribe Ru!Nd energy transfer over 15.6 < in RuPh–Nd to a
Dexter-type exchange process mediated by the orbitals of
the conjugated phenyl spacer, that is, a superexchange pro-
cess.


The selection rule for exchange energy transfer, that jDJ j
=0, 1 with respect to the 4I9/2 ground state of NdIII,[12,13] sug-
gests that direct involvement of some f–f excited states of
NdIII in the energy-transfer process can be ruled out. Like
any selection rule however it only applies to the extent that
the wavefunctions are pure, that is, that the L, S and J de-
scriptors on which the selection rules are based are accurate.
Any mixing of the f–f levels with other states such as 5d–4f
states, or MLCT states, will provide a mechanism for selec-
tion rules to be relaxed. But if we assume this selection rule
applies completely we find that the emissive 4F3/2 level, for
example, has jDJ j=3 with respect to the ground state and
therefore cannot be populated directly by any energy-trans-
fer mechanism. However there are several f–f states avail-
able which can be directly populated by Dexter energy
transfer: in ascending order, 2H9/2,


4F7/2,
4F9/2,


2H11/2 and 2G7/2


for example all have jDJ j=0 or 1 with respect to the
ground state, and lie between 12800 and 17600 cm�1 (energy
level values taken from free-ion spectra of the NdIII ion[24])
such that they have some overlap with the 3MLCT lumines-
cence spectrum of the RuII energy-donor (Figure 4). For
both RuPh and Ru–CH2CH2 the 3MLCT energy (taken
from the emission maximum at 77 K) is 17200 cm�1.


iii) Comparison of RuPh–Nd with RuPh2–Nd: In the more ex-
tended unsaturated complex RuPh2–Nd (Ru···Nd separation,
19.9 <) the RuII-based luminescence is partially quenched,
from 460 ns in RuPh2 to 256 ns in RuPh2–Nd. Thus Ru!Nd
energy transfer is still occurring over this distance, but with a
reduced rate constant (1.7P106 s-1) and quantum yield (44%)
because of the greater distance involved and the consequent
attenuation of electronic coupling. The resultant sensitised
NdIII-based emission showed a growth of approximately 200-
ACHTUNGTRENNUNG(�30) ns, in reasonable agreement with the partially-
quenched RuII-based decay (256 ns). By analogy with the
discussion above for RuPh–Nd, this can only be occurring
by a bridging-ligand mediated exchange mechanism.


This decreased rate of Ru!Nd energy transfer compared
to RuPh–Nd may be accounted for by Equation (4), which
shows how the rate of exchange-based energy transfer
through a bridging ligand decays exponentially with distance
(d) to an extent dependent on an attenuation coefficient b


(units of <�1) which is a measure of how the metal–metal
electronic coupling diminishes with distance. A is a constant.


kEnT ¼ A e-bd ð4Þ


We can, to a reasonable approximation, take the Dexter
donor–acceptor spectroscopic overlap to be the same be-
tween RuPh–Nd and RuPh2–Nd. Given a decrease in energy
transfer rate from 1.9P107 s�1 to 1.7P106 s�1 as the Ru···Nd
separation increases from 15.6 to 19.9 <, from Equation (4)
we arrive at a value of the attenuation coefficient b of
0.56 <�1 associated with the additional phenylene spacer in
RuPh2–Nd. This is entirely consistent with what others have
determined for the electronic attenuation coefficient of
phenylene-spaced conjugated bridging ligands in dinuclear
transition metal complexes,[20,25] and provides additional sup-
port for the exchange mechanism for energy transfer operat-
ing here.


Exchange energy transfer over this sort of distance is un-
usual in lanthanide ACHTUNGTRENNUNG(III) complexes precisely because of the
exponential distance dependence. The lanthanide donor–or-
ganic dye acceptor pairs commonly used for long-range
FRET studies in biological systems, for example,[15] are opti-
mised for resonance energy transfer because donors such as
TbIII have high luminescence quantum yields and long life-
times, and the acceptors have broad absorption bands with
high extinction coefficients.[15e,f] This results in Fçrster spec-
troscopic overlap integrals that are many orders of magni-
tude higher than those calculated for our systems (Table 3),
and critical transfer distances approaching 100 < in some
cases.[15e,f] In RuPh–Nd and RuPh2–Nd however the energy
donor has a low quantum yield (3–4%) and the f–f lantha-
nide absorptions are narrow with tiny extinction coefficients,
a situation which is inimical to Fçrster energy transfer,
hence the critical transfer distances of 8.5 < or less. A
dipole–quadrupole contribution to resonance energy trans-
fer may be more allowed (depending which excited f–f
states are involved) but has a more rapid decay with dis-
tance.
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Dexter-type exchange energy transfer is therefore the
only option that remains in RuPh–Nd and RuPh2–Nd and is
made possible by the presence of the long conjugated bridge
which permits electronic coupling, a structural feature which
is notably absent in FRET-type systems.[15]


iv) Other RuII–LnIII combinations: effect of the lanthanide :
Other RuII–LnIII combinations show generally comparable
behaviour (Table 2). It is clear that ErIII and YbIII are both
less effective energy-acceptors than NdIII because neither of
them give any detectable quenching of the RuII-based lumi-
nescence in Ru–CH2CH2–Ln. Note that between Ru–
CH2CH2–Nd and Ru–CH2CH2–Er the Fçrster spectroscopic
overlap integral decreases by an order of magnitude, with a
reduction in the critical transfer distance to just 5.2 <, be-
cause ErIII has fewer f–f absorptions that overlap with the
RuII-based luminescence (Figure 4). The Dexter overlap in-
tegral has likewise decreased by an order of magnitude com-
pared with Ru–CH2CH2–Nd. The absence of quenching of
the RuII centre in Ru–CH2CH2–Er by any mechanism is
therefore entirely understandable.


In the RuPh–Ln dyads the effectiveness of the different
LnIII species as energy-acceptors is Nd>Er>Yb, with resid-
ual RuII-based lifetimes of 48, 190 and 250 ns respectively.
This gives steadily-decreasing Ru!Ln energy-transfer rates
of 1.9P107 s�1 (to Nd; fEnT =91%), 3.3P106 s�1 (to Er;
fEnT =63%) and 2.1P106 s�1 (to Yb; fEnT =52%), as the
donor–acceptor overlap decreases due to the reduced availa-
bility of f–f states on the LnIII ions. This exactly mirrors
what we have seen in [Ru ACHTUNGTRENNUNG(bipy)(CN)4]


2-–LnIII coordination
networks.[26] Again we can be sure that exchange energy
transfer is operating in these cases because i) the critical dis-
tances for Fçrster energy transfer (for example, 5.3 < for
RuII/ErIII) are much less than the distance across this rigid
bridging ligand, and ii) addition of the conjugated spacer in-
creases energy-transfer rates substantially despite increasing
the separation between donor and acceptor. The expected
sensitised LnIII-based luminescence is seen in each case: for
YbIII, at 980 nm (superimposed on the tail of the strong re-
sidual RuII-based emission, such that reliable lifetime/quan-
tum yield measurements are not possible) and for ErIII, at
1530 nm (characteristically very weak, see Figure 3c).


The Dexter energy-transfer mechanism requires the
energy-accepting levels on the LnIII ions to have jDJ j=0, 1
with respect to the ground state; again, we emphasise that
this applies only to the extent that the f–f states are “pure”.
For YbIII the selection rule is inevitably obeyed because the
ground state is 2F7/2 and the only excited state is 2F5/2, that is,
jDJ j=1. For ErIII the situation is however less obvious be-
cause application of this selection rule apparently prohibits
any of the f–f states in the relevant region from participat-
ing: none of the levels between 10000 and 20000 cm�1 (in
ascending order: 4I11/2,


4I9/2,
4F9/2,


4S3/2,
2H11/2) have jDJ j=0, 1


with respect to the ground state (4I15/2). In fact the jDJ j
values with respect to the ground state are 2, 3, 3, 6, and 2
respectively, implying that the 4I11/2,


4S3/2 and 2H11/2 states are
allowed to participate in multipolar energy transfer but this


has been ruled out as it does not happen over a shorter dis-
tance in Ru–CH2CH2–Er.


The only f–f state of ErIII that fulfils the formal selection
rule for Dexter energy transfer is the luminescent level 4I13/2


at approximately 6500 cm�1 (jDJ j=1) which is however so
low in energy that any spectroscopic overlap with the low-
energy tail of RuII-based or OsII-based emission must be
negligible, certainly less than that which occurs in RuII–YbIII


and OsII–YbIII dyads (the sole YbIII-based excited state is at
10200 cm�1). Yet, ErIII is clearly a better energy-acceptor
than YbIII based on the energy-transfer rates calculated
above. So we have the situation that Ru!Er energy transfer
is clearly occurring in RuPh–Er (with kEnT =3.3P106 s�1), yet
it is apparently forbidden by any of the Coulombic mecha-
nisms on the grounds of distance (critical transfer distance
5.3 <, compared to an actual Ru···Er distance of 15.6 <)
and by comparison with Ru–CH2CH2–Er; and it is also for-
bidden by the Dexter mechanism on the grounds of the se-
lection rules based on permitted jDJ j values.


The only reasonable explanation for this is the one allud-
ed to above: the formal selection rules only apply to the
extent that J is a good quantum number for the 4f levels in-
volved, and the wavefunctions are pure without mixing from
allowed charge-transfer or 4f–5d transitions. The Russell–
Saunders coupling scheme is known to break down for heav-
ier lanthanideACHTUNGTRENNUNG(III) ions such as ErIII. Indeed the presence of
any spectroscopic overlap at all relies on “forbidden” f–f ab-
sorptions having non-zero intensity because of the various
ways in which the selection rules applying to f–f transitions
can be circumvented. The magnitude of the donor–acceptor
spectroscopic overlap (Table 3) is therefore a good indica-
tion of the extent to which the selection rules can be avoid-
ed because the f–f states are not pure.


v) OsII–LnIII complexes : The behaviour of the OsII/LnIII sys-
tems is also instructive. The intensity of OsII-based lumines-
cence from OsS–Nd is reduced by about 3% compared to
free Os–CH2CH2, a degree of quenching that is at the limit
of significance. Likewise the luminescence lifetime is barely
reduced, from 62 to 57 ns. Application of Equation (5) to
these values gives an Os!Nd energy-transfer rate of 1.4P
106 s�1; however an uncertainty of 5% in each separate mea-
surement gives a range of possible values for the energy-
transfer rate from zero to 3P106 s�1. We can say that the
extent of Os!Nd energy transfer is almost negligible
(fEnT =3% based on quenching of OsII-based luminescence
intensity) and the rate is at best �106 s�1, that is, comparable
to, or slower than, the Ru!Nd energy-transfer rate in Ru–
CH2CH2–Nd (2.2P106 s�1).


Although the Os!Nd energy transfer in Os–CH2CH2–Nd
is minimal, careful examination of time-resolved emission
spectra for Os–CH2CH2–Nd in the near-IR region shows a
weak shoulder at approximately 1060 nm superimposed on
the tail of the much stronger OsII-based emission (Fig-
ure 3b). This feature persists for considerably longer than
the OsII-based emission, and is still just visible after 1 ms, at
which time the OsII-based emission has completely decayed.
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Although rise/decay times cannot be determined we can
assign this feature at 1050 nm to weak sensitised NdIII-based
emission, proof of the occurrence of Os!Nd energy trans-
fer. We note that even if the Ru!Nd and Os!Nd energy-
transfer rates may be comparable in Ru–CH2CH2–Nd and
Os–CH2CH2–Nd (the maximum possible Os!Nd energy-
transfer rate based on the uncertainty values quoted above
is 3P106 s�1, comparable to the Ru!Nd energy-transfer
rate of 2.2P106 s�1), the extent of Os!Nd energy transfer,
based on the degree of quenching of the OsII luminescence,
is minimal because of the shorter lifetime of the OsII-based
donor. Thus, Os!Nd energy transfer is a relatively insignifi-
cant deactivation pathway for OsII in Os–CH2CH2–Nd be-
cause it is not competitive with the other OsII-centred radia-
tive and non-radiative deactivation pathways. Table 3 shows
that the Fçrster spectroscopic overlap integral for Os–
CH2CH2–Nd is comparable (lower by 11%) to that for Ru–
CH2CH2–Nd, but the critical transfer distance for Fçrster
energy transfer, which includes contributions from the life-
time and quantum yield of the donor, is reduced from 8.3 to
6.4 <. Also, the Dexter overlap integral is reduced by a
factor of three compared to Ru–CH2CH2–Nd, so Dexter
energy transfer is also less likely.


OsPh–Nd however shows significant quenching of the
OsII-based luminescence (lifetime reduced from 80 to 51 ns),
giving an Os!Nd energy-transfer rate of 7.1P106 s�1


(fEnT =36%), about one third of the Ru!Nd energy-trans-
fer rate in RuPh–Nd. Sensitised NdIII-based emission at 1050
and 1330 nm is clearly visible (t=1.1 ACHTUNGTRENNUNG(�0.2) ms), but super-
imposed on the long-wavelength tail of residual OsII-based
emission such that its rise time cannot be measured (the
rise-time component of the NdIII-based emission at 1050 nm,
expected to be 51 ns, will be superimposed on the 51 ns
decay of the OsII-based residual emission). Again (as for the
comparison between Ru–CH2CH2–Nd and RuPh–Nd) the
Os!Nd energy transfer must occur by a ligand-mediated
exchange mechanism, because of the near-absence of energy
transfer over a shorter distance in Os–CH2CH2–Nd when a
saturated spacer was involved. In this case it is clear that
Os!Nd energy transfer (7.1P106 s�1) is slower than Ru!
Nd energy transfer (1.9P107 s�1), which must be solely due
to the reduced Dexter spectroscopic overlap integrals (5P
10�5 cm for OsPh–Nd, compared to 1.6P10�4 cm for RuPh–
Nd). Actually the Dexter overlap integral is a factor of
three lower for OsPh–Nd than RuPh–Nd, in good agree-
ment with the relative rates of energy transfer, which further
supports the exchange-based mechanism for energy transfer
in these complexes.


vi) Comparison of RuII versus OsII complexes as energy
donors : It is clear that, in these dyads, [Os ACHTUNGTRENNUNG(bipy)3]


2+ is a
poorer energy-donor than [Ru ACHTUNGTRENNUNG(bipy)3]


2+ for sensitisation of
near-IR luminescence from NdIII. According to the calcula-
tions in Table 3, in every case the overlap integrals for both
Fçrster and Dexter energy transfer are smaller for the Os–
Ln pair than for the Ru–Ln pair with the same LnIII ions
(for Ln=Nd, Er). Even when this difference is not large


and the rates of Ru!Ln versus Os!Ln energy transfer
may be similar, the quantum yield for Os!Ln energy trans-
fer will be less because of the more rapid radiative deactiva-
tion of the OsII unit.


This observation is, interestingly, in exact contrast to what
we have recently observed when comparing [Ru-
ACHTUNGTRENNUNG(bipy)(CN)4]


2�–LnIII and [Os ACHTUNGTRENNUNG(bipy)(CN)4]
2�–LnIII coordina-


tion networks based on short M�CN�Ln bridges, in which
Os!Ln energy transfer was faster than Ru!Ln energy
transfer across the same distance.[27] Thus, it is not possible
to generalise that either RuII or OsII donors are better sensi-
tisers of a particular LnIII ion; this will depend on the bal-
ance between the many different factors that contribute to
the different energy-transfer mechanisms in different sys-
tems (spectroscopic properties, electronic couplings, inter-
component distance etc.).


Conclusion


We have shown that Coulombic energy transfer from [M-
ACHTUNGTRENNUNG(bipy)3]


2+ (M=Ru, Os) to the near-IR emissive LnIII ions
can essentially be ignored in these complexes. Fçrster
(dipole–dipole) energy transfer can be ruled out because of
the small critical transfer distances involved, with the possi-
ble exception of Ru–CH2CH2–Nd for which the critical
transfer distance is approximately 8.5 <, close to what is at-
tainable in a highly folded conformation of the flexible
bridging ligand. Higher-order multipolar contributions to
energy transfer are in principle possible but, at most, make
a small contribution to energy transfer in Ru–CH2CH2–Nd
across the short saturated bridge and are clearly insignificant
in other Ru–CH2CH2–Ln and Os–CH2CH2–Ln complexes.
The high distance dependence of this mechanism means
therefore that it cannot contribute to the much faster energy
transfer which occurs over greater distances in RuPh–Ln
and RuPh2–Nd.


The presence of Ru!Ln energy transfer in RuPh–Ln
(Ln=Nd, Er, Yb) and in RuPh2–Nd and OsPh–Nd can be
ascribed unequivocally to a Dexter-type superexchange pro-
cess mediated by the conjugated bridging ligands, with the
rate depending on i) the availability of f–f states on the lan-
thanide of the appropriate energy, and ii) whether RuII or
OsII is the donor. The distance dependence of the energy
transfer (comparison of RuPh–Nd and RuPh2–Nd), and the
correlation of energy-transfer rates with Dexter overlap in-
tegrals (comparison of RuPh–Nd and OsPh–Nd) both pro-
vide support for this mechanism being operative. The rates
of energy transfer that we observed are much higher than in
other d–f systems based on dinuclear triple helicates where
there is no conjugated bridging ligand: for example, RuII!
NdIII energy transfer was reported to occur over approxi-
mately 9 < with a rate of 2.3P106 s�1,[28] compared to our
ligand-mediated RuII!NdIII exchange energy-transfer rate
of 1.9P107 s�1 over a distance of 15.6 <.


We also found that [Os ACHTUNGTRENNUNG(bipy)3]
2+ is a poorer energy-donor


than [Ru ACHTUNGTRENNUNG(bipy)3]
2+ in these dyads, with only OsPh–Nd show-
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ing evidence for significant Os!Ln energy transfer. Finally,
we note that, in these cases, the donor–acceptor spectro-
scopic overlap integrals, which implicitly take account of the
fact that f–f states are not pure, are a better guide to the
presence/absence of energy transfer than the formal selec-
tion rules, which do not.


Experimental Section


General details : 1H NMR spectra were recorded on a Bruker AC-250
spectrometer. Electrospray mass spectra were recorded on a Waters LCT
instrument. UV/Vis absorption spectra were measured on a Cary 50 spec-
trophotometer. Metal salts, organic ligands and other reagents were pur-
chased from Aldrich and used as received.


Photophysical measurements and calculations : Luminescence spectra
were measured on a Jobin-Yvon Fluoromax 4 fluorimeter by using air-
equilibrated CH2Cl2 solutions at room temperature, or EtOH/MeOH
(4:1, v/v) glasses at 77 K. RuII-based and OsII-based luminescence life-
times were measured with an Edinburgh Instruments “Mini-t” lumines-
cence lifetime spectrometer, equipped with a 405 nm pulsed diode laser
as excitation source and a cooled Hamamatsu-R928 PMT detector
(wavelength selection at the detector was by means of 50 nm bandpass
filters; for RuII complexes a 575–625 nm bandpass filter was used, and for
OsII complexes a 625–675 nm bandpass filter was used). Quantum yields
for RuII- and OsII-based luminescence were determined by using the
method of Demas and Crosby,[29] and by using [Ru ACHTUNGTRENNUNG(bpy)3]


2+ as a standard
(F=2.8P10�2 in aerated water).[30]


Instrumentation used for steady-state and time-resolved luminescence
measurements on the lanthanide-based emission in the near-IR region,
and methods used for data analysis, have been described previously.[23]


For the calculation of the energy transfer rates based on Fçrster and
Dexter mechanisms (Table 3), corrected donor emission spectra and ac-
ceptor absorption spectra in molar absorptivity units (after conversion
from wavelengths to wavenumbers) were used. The intermetallic M–Ln
distance (M=Ru and Ln=Nd, Er) was taken as the interchromophoric
distance and was calculated from optimized molecular structures in
vacuum. Computations of the energy transfer rate constants for Fçrster
and Dexter mechanisms ([Eq. (5) and (6)]) and the relevant spectroscop-
ic overlap integrals ([Eq. (7) and (8)]) were performed with home-devel-
oped routines for MATLAB 5.2 (The MatWorks, Inc.). The symbols used
in Equations (5)–(8) are as follows: t = luminescence lifetime; f= lumi-
nescence quantum yield; k2 the orientation factor; dMM is the metal–
metal separation; h is the PlanckUs constant; other symbols are defined in
the caption to Table 3. For the Fçrster energy-transfer rates, the orienta-
tion factor k2 was taken as 2/3 for statistical reasons.[31] Geometries of the
complexes were obtained by using the molecular mechanics method with
the MM+ force field in HYPERCHEM 8.0 (Hypercube, Inc.).


kF
en ¼


8:8	 10�25K2�


n4tdMM
6 JF ð5Þ


kD
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4p2H2


h
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ð6Þ


JF ¼
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R
Fð�nÞd�n


ð7Þ
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R
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R
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R
eð�nÞd�n
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Syntheses : The following compounds were prepared according to litera-
ture methods: 4-(4-bromophenyl)-2,2’-bipyridine (bpy-Ph-Br),[32] 4-(4-
phenyl-boronic acid)-2,2’-bipyridine [bpy-Ph-B(OH)2],


[33] 1,4-bis[4-(2,2’-
bipyridyl)]benzene (bpy-Ph-bpy),[34] Ru–CH2CH2,


[35] Os–CH2CH2,
[36] [Ru-


ACHTUNGTRENNUNG(tBu2bpy)2Cl2],
[37] [Ru ACHTUNGTRENNUNG(bpy)2Cl2],


[38] [Os ACHTUNGTRENNUNG(bpy)2Cl2],
[39] and the [LnACHTUNGTRENNUNG(tta)3-


ACHTUNGTRENNUNG(H2O)2] complexes.[40]


[Ru ACHTUNGTRENNUNG(tBu2bpy)2(bpy-Ph-Br)] ACHTUNGTRENNUNG(PF6)2 : This compound was prepared by using
a modified literature procedure.[32] A mixture of [Ru ACHTUNGTRENNUNG(tBu2bpy)2Cl2]
(0.182 g, 0.26 mmol) and bpy-Ph-Br (0.080 g, 0.26 mmol) in EtOH
(20 mL) was degassed by purging with N2 for 5 min before being refluxed
under an N2 atmosphere for 2 h. The solvent was then removed on a
rotary evaporator and the crude product was purified by column chroma-
tography on silica gel (MeCN/H2O/sat. aq. KNO3 15:2:1). The fractions
containing the main red band were combined and the solvent was re-
moved. The residue was then re-dissolved in a mixture of water (2 mL)
and MeOH (0.5 mL), and a saturated aqueous solution of NH4PF6


(1 mL) was added affording the desired product as red-orange precipitate
which was collected by filtration, washed with water (3P2 mL) and dried.
Yield: 0.223 g (69%). 1H NMR (250MHz, [D6]acetone): d=9.18 (d, 1H);
9.07 (d, 1H); 8.23 (m, 1H); 8.10–7.75 (overlapping multiplets, 11H);
7.65–7.52 (m, 5H); 1.42 (s, 18H) 1.40 ppm (s, 18H); MS (ES+): m/z 1093
[M�PF6]


+ , 474 [M�2PF6]
2+ , 466 [M�CH3�2PF6]


2+ , 459
[M�2CH3�2PF6]


2+ , 451 [M�3CH3�2PF6]
2+ ; elemental analysis calcd


(%) for C52H59BrF12N6P2Ru: C 50.4, H 4.8, N 6.8; found C 50.4, H 5.2, N
6.9.


RuPh2 : This compound was prepared by using a modification of a litera-
ture procedure.[33] A dry Schlenk tube was charged with [Ru-
ACHTUNGTRENNUNG(tBu2bpy)2(bpy-Ph-Br)]ACHTUNGTRENNUNG(PF6)2 (0.213 g, 0.17 mmol), bpy-Ph-B(OR)2


(0.200 g, 0.55 mmol) and DMF (20 mL). The solution was degassed by
the freeze-pump-thaw technique, and [Pd ACHTUNGTRENNUNG(PPh3)4] (4 mol %) was added.
The Schlenk tube was sealed and the reaction mixture heated at 120 8C
for 24 h. After the end of the reaction the solvent was evaporated to
afford a red solid, which was purified by column chromatography on
silica gel (MeCN/H2O/sat. aq. KNO3 35:2:1) as eluent. The fractions con-
taining the second orange band were combined and the solvent was re-
moved in a rotary evaporator. The residue was re-dissolved in a mixture
of water (2 mL) and methanol (0.5 mL), and a saturated aqueous solution
of NH4PF6 (1 mL) was added to afford the desired product as a red-
orange precipitate which was collected by filtration, washed with water
(3P2 mL) and dried. Yield: 0.19 g (80 %). 1H NMR (250MHz,
[D3]MeCN): d=8.89–8.75 (m, 5H), 8.55–8.45 (m, 5H), 8.10–7.90 (m,
9H), 7.80–7.60 (m, 9H), 7.5–7.39 (m, 6H), 1.43 (s, 18H), 1.41 ppm (s,
18H); MS (ES+): m/z : 1245.2 [M�PF6]


+ , 550.1 [M�2PF6]
2+ ; elemental


analysis calcd (%) for C68H70F12N8P2Ru: C 58.7, H 5.1, N 8.1; found C
58.5, H 5.3, N 7.9.


RuPh : A mixture of [Ru ACHTUNGTRENNUNG(bpy)2Cl2] (0.110 g, 0.21 mmol) and bpy-Ph-bpy
(0.440 g, 1.14 mmol) in EtOH (20 mL) was degassed by purging with N2


for 5 min before being heated to reflux under N2 for 2 h. The solvent was
then removed in a rotary evaporator, water (1 mL) was added to the resi-
due, and any insoluble unreacted ligand was removed by filtration. The
orange-red filtrate was evaporated to dryness, and the residue was puri-
fied by column chromatography on silica gel (MeCN/H2O/sat. aq. KNO3


25:2:1) as eluent. The desired mononuclear complex eluted in the first
orange-red band, which was collected and the solvent was removed in a
rotary evaporator. The residue was re-dissolved in a mixture of water
(2 mL) and methanol (0.5 mL), and a saturated aqueous solution of
NH4PF6 (1 mL) was added, affording the desired product as red-orange
precipitate which was collected by filtration, washed with water (3P
2 mL) and dried. Yield: 0.06 g (26 %). 1H NMR (250MHz, [D6]acetone):
d=9.23 (d, 1H); 9.11 (d, 1H); 8.90–8.67 (m, 7H); 8.54 (d, 1H); 8.30–8.04
(m, 15H); 7.96 (m, 2H); 7.81 (dd, 1H); 7.60 (m, 5H); 7.46 ppm (m, 1H);
MS (ES+): m/z : 945.0 [M�PF6]


+ , 400.0 [M�2PF6]
2+ ; elemental analysis


calcd (%) for C46H34F12N8RuP2: C 50.7, H 3.1, N 10.3; found: C 50.4, H
3.1, N 10.4.


OsPh : This was prepared and purified in the same way as RuPh, except
by using [Os ACHTUNGTRENNUNG(bpy)2Cl2] as the starting material, 1:1 EtOH/toluene as the
solvent, and heating the reaction mixture at reflux for 48 h under N2. It
was isolated as a dark green solid. Yield: (30%). 1H NMR (250MHz,
[D3]MeCN): d=8.80–8.68 (m, 5H); 8.55–8.45 (m, 5H); 8.08 (s, 4H);
8.00–7.82 (m, 6H); 7.80–7.60 (m, 8H) 7.48 (m, 1H) 7.40–7.30 ppm (m,
5H); MS (ES+): m/z : 1035.1 [M�PF6]


+ , 445.1 [M�2PF6]
2+ ; elemental


analysis calcd (%) for C46H34F12N8OsP2: C 46.9, H 2.9, N 9.5; found C
46.4, H 3.1, N 9.3.
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Dedicated to Professor Jan Reedijk on the occasion of his 65th birthday and his retirement


Introduction


Alginates are naturally occurring polysaccharides composed
of 1,2-cis-linked l-guluronic and d-mannuronic acid residues
that are arranged in homopolymer (i.e., polyguluronate and
polymannuronate) or heteropolymer (a mixed sequence of
these residues) sections (Scheme 1). Alginate polymers, iso-
lated from marine brown algae (Phaeophyta),[1] are used for
food, textile, and pharmaceutical purposes.[2] Bacteria, such
as Pseudomonas aeruginosa, also produce alginates as exo-
polysaccharides, and alginate oligomers appear to have cyto-
kine-inducing activities by binding to Toll-like receptors
(TLRs) 2 and 4.[3] As part of a program to evaluate the im-
munomodulating properties of carbohydrate structures, we
set out to develop synthetic routes towards well-defined al-
ginate fragments.
In this framework, we recently reported the synthesis of a


1,2-cis-linked d-mannuronic acid trimer by the use of 1-(S)-
phenylmannuronic acid pyranosides.[4] The present study is
focused on the development of a synthetic route to the cor-


responding 1,2-cis-linked l-guluronic acid oligomers. Analo-
gously to other acidic oligosaccharides,[5] the carboxylate
function in l-guluronic acid oligomers can be introduced at
the monosaccharide stage by the use of suitably protected l-
guluronate ester building blocks or at the oligomer level by
selective deprotection and oxidation of the incorporated or-
thogonally protected l-gulose residues. Which route of syn-
thesis is more efficient relies on the glycosylation properties
of the l-guluronate ester and l-gulose donors, respectively.
Up until now, l-gulose donors have only been employed in
the total synthesis of bleomycin,[6] in which l-guluronate
ester donors are completely unexplored.
Herein, we describe an evaluation of the glycosylating


properties of gulose and guluronate ester donors and the
first synthesis of a guluronic acid trimer. It is revealed that
gulopyranose has a very high tendency to form 1,2-cis-link-
ages without the need to incorporate stereodirecting groups,
as is the case for most other pyranosides.


Keywords: glycosylation · gulose ·
oligosaccharides · oxacarbenium
ions · oxidation · thioglycosides


Abstract: The glycosylation properties of gulopyranosides have been mapped out,
and it is shown that gulose has an intrinsic preference for the formation of 1,2-cis-
glycosidic bonds. It is postulated that this glycosylation behaviour originates from
nucleophilic attack at the oxacarbenium ion, which adopts the most favourable 3H4


conformation. Building on the stereoselectivity of gulose, a guluronic acid alginate
trisaccharide was assembled for the first time by using gulopyranosyl building
blocks.
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Scheme 1. Alginate oligosaccharide.
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Results and Discussion


The rare l-gulose and l-guluronic acid are C-5-epimers of
d-mannose and mannuronic acid, respectively, and not read-
ily commercially available. Therefore, our first aim was to
develop a scalable route of a synthesis for l-gulopyranose,
provided with an anomeric thio function for ensuing glyco-
sylations. A practical approach was found in the use of l-gu-
lonic acid g-lactone (1), commercially available at reasona-
ble cost. The transformation of this lactone into b-S-phenyl-
gulopyranose 6 is depicted in Scheme 2 and started with


protection of the four hydroxy groups by treatment of 1
with dimethoxypropane. The lactone was reduced by using
DIBAL-H in toluene to yield 2,[7] and acidic hydrolysis of
both acetonides delivered the hygroscopic l-gulose 3, which
was immediately acetylated to give per-acetyl gulose 4. A
Lewis acid-mediated introduction of the anomeric thiophe-
nol resulted in an inseparable a/b mixture of thioglycosides.
Alternatively, the transformation of 4 into the anomeric bro-
mide moiety and ensuing treatment with PhSH under
phase-transfer conditions[8] gave thioguloside 5 as a single
anomer, which was deacetylated to furnish key b-(S)-phenyl-
gulopyranoside 6. The sequence of reactions to furnish 6 re-
quired only one chromatographic purification and can be
performed on a 500-mmol scale (100 g). Standard protect-
ing-group manipulations on 6 delivered gulose donor 7 and
guluronate ester 9[9] devoid of any stereodirecting protecting
groups.
The glycosylating properties of these donors were exam-


ined in the condensation with acceptors 10–12.[10] Each
donor was activated with diphenyl sulfoxide (Ph2SO) and
triflic anhydride (Tf2O) in the presence of TTBP in di-
chloromethane at �78 or �45 8C for donors 7 and 9, respec-
tively. After complete activation, the temperature was ad-
justed to �78 8C, 1.5 equivalents of the acceptor was added,


and the reaction mixture was allowed to warm to 0 8C. The
condensation of primary acceptor 10 with gulose 7 almost
exclusively gave the 1,2-cis product, whereas the reaction of
guluronate ester donor 9 with 10 proceeded slightly less ste-
reoselectively (Table 1). Gulosylation of the secondary ac-
ceptors 11 and 12 proceeded in a highly a-selective manner
for both gulose and guluronate ester. Apparently, gulose
and guluronate ester have an unusually strong preference
for the formation of 1,2-cis glycosidic bonds.
To explore the influence of different protecting groups on


the a-selectivity and to find the most convenient building
block for the synthesis of gulur-
onic acid alginates, we next in-
vestigated one guluronate ester
(i.e., 22) and three differently
protected gulose donors (i.e.,
19, 24, and 25). The conforma-
tionally constrained 4,6-O-ben-
zylidene gulose 19 and 4,6-O-
di-tert-butylsilylidene (DTBS)
gulose 25 were selected on the
basis of their reputation to in-
fluence the stereochemical out-
come of glycosylations.[11, 12]


Gulose donor 24 and guluro-
nate ester donor 22, with a se-
lectively removable levulinoyl
(Lev) group at the C-4 position,
allow elongation to alginate
oligomers with minimal protec-
tive-group manipulation. All


four donor building blocks were assembled from phenyl-1-
thio-b-l-gulopyranoside (6 ; Scheme 3). The instalment of
the 4,6-O-benzylidene group on 6 and subsequent benzyla-
tion yielded 4,6-O-benzylidenegulose donor 19. Guluronate


Scheme 2. Synthesis of b-(S)-phenyl-l-guloses 6, 7, and 9. a) i. Acetone, dimethoxypropane, H2SO4; ii. toluene,
DIBAL-H, 0 8C (84%, over 2 steps); b) 20% TFA in H2O (quant.); c) pyridine, Ac2O (72%); d) i. AcOH,
HBr; ii. EtOAc, Bu4NHSO4, Na2CO3, PhSH, H2O (66%, over 2 steps); e) MeOH, NaOMe (cat. ; 97%);
f) DMF, BnBr, NaH, 0 8C!room temperature (89%); g) i. pyridine, TrCl; ii. DMF, BnBr, NaH, 0 8C!room
temperature; iii. MeOH, p-TsOH (cat. ; 88%, over 3 steps); h) i. CH2Cl2, H2O, TEMPO, BAIB; ii. DMF,
K2CO3, MeI (72%, over 2 steps). BAIB= [bis ACHTUNGTRENNUNG(acetoxy)iodo]benzene, DIBAL-H=diisobutylaluminium hy-
dride, TEMPO=2,2,6,6-tetramethylpiperidin-1-oxyl, TFA= trifluoroacetic acid, TrCl = triphenylmethyl chlo-
ride, p-TsOH=para-toluenesulfonic acid.


Table 1. Glycosylations of b-S-phenyl-l-gulose donors 7[a] and 9[b] .


Entry Donor Acceptor Yield [%] ACHTUNGTRENNUNG(a/b) Product


1 7[a] 10 71 ACHTUNGTRENNUNG(13:1) 13
2 7[a] 11 91 ACHTUNGTRENNUNG(10:1) 14
3 7[a] 12 73 ACHTUNGTRENNUNG(>20:1) 15
4 9[b] 10 73 ACHTUNGTRENNUNG(3:1) 16
5 9[b] 11 94 ACHTUNGTRENNUNG(>20:1) 17
6 9[b] 12 79 ACHTUNGTRENNUNG(10:1) 18


[a] Ph2SO, TTBP, CH2Cl2, �78 8C, Tf2O, 10 min, nucleophile, to 0 8C.
[b] Ph2SO, TTBP, CH2Cl2, �45 8C, Tf2O, 10 min, then �78 8C, nucleophile,
to 0 8C.
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ester donor 22 was accessible by the acidic cleavage of the
benzylidene group in 19, regio- and chemoselective oxida-
tion of the primary hydroxy group in diol 20 with TEMPO/
BAIB, methylation of the carboxylic acid with trimethylsilyl
(TMS) diazomethane, and levulinoylation of the hydroxy
group at C-4 in 21. Protection of the hydroxy group at C-6
in diol 20 with the tert-butyldimethylsilyl (TBDMS) group
and levulinoylation of the remaining alcohol furnished
donor 24. Treatment of tetraol 6 with di-tert-butylsilyl bistri-
flate in pyridine at �20 8C followed by benzylation of the
crude product afforded di-O-tert-butylsilylidene gulose 25
(Scheme 3).
With the thioglycoside


donors (i.e., 19, 22, 24, and 25)
in hand, we first focused on the
glycosylating properties of thio-
guluronate ester 22 (Table 2).
For comparative reasons, 22
was condensed with model ac-
ceptors 10 and 11. In line with
the glycosylations of donor 9,
levulinoyl donor 22 was moder-
ately a-selective with the pri-
mary alcohol 10 and completely
a-selective with secondary ac-
ceptor 11 (Table 2, entries 1 and
2, respectively). Next, donor 22
was coupled with 3-azidopropa-
nol (26) and 3-azidopropyl-
methyl-2,3-O-benzyl-a-l-gulo-
pyranoside uronate (27). In
contrast to the gulosylations de-
scribed above, the b product
prevailed in the condensation


of 22 and the rather reactive primary alcohol 26 (Table 2,
entry 3). Diuronate 30 was formed in low yield from 22 and
27, again with a-selectivity (Table 2, entry 4). The gulose
donors 19, 24, and 25 all predominantly provided the 1,2-cis
linked products, with both the primary and secondary alco-
hol acceptors. Thus, the presence of the carboxylic acid ester
at C-5 does not contribute favourably to the formation of
the 1,2-cis gulosidic linkage. Because the DTBS donor 25
shows the best a-selectivity of the three thioguloses exam-
ined, this guloside was further examined in the synthesis of
a guluronic alginate trimer (Scheme 4).
It is clear that the guluronate ester and hydroxy group at


C-4 in gulose are poor nucleophiles, thus leading to moder-


Scheme 3. Synthesis of gulose building blocks 19, 22, 24, and 25.
a) i. MeCN, PhCH ACHTUNGTRENNUNG(OMe)2, p-TsOH (cat.) ; ii. DMF, BnBr, NaH, 0 8C!
room temperature (70%, over 2 steps ); b) MeOH, p-TsOH (cat. ;
quant.); c) i. CH2Cl2, H2O, TEMPO, BAIB; ii. Et2O, TMS diazomethane
(49%, over 2 steps); d) pyridine, dioxane, Lev2O (95%); e) DMF,
TBDMSCl, imidazole, 0 8C!room temperature (90%); f) pyridine, diox-
ane, Lev2O (94%); g) i. pyridine, (tBu)2Si ACHTUNGTRENNUNG(OTf)2, �20 8C!room temper-
ature; ii. DMF, BnBr, NaH, 0 8C!room temperature (88%, over
2 steps). DMF=N,N-dimethylformamide, TBDMSCl= tert-butyldime-
thylsilyl chloride.


Table 2. Glycosylations of orthogonally protected b-S-phenyl-l-gulose
donors.[a,b]


Entry Donor Acceptor Yield [%] ACHTUNGTRENNUNG(a/b) Product


1 22[a] 10 66 ACHTUNGTRENNUNG(1:3) 29
2 22[a] 11 64 ACHTUNGTRENNUNG(>20:1) 30
3 22[a] 26 77 ACHTUNGTRENNUNG(1:3) 31
4 22[a] 27 34 ACHTUNGTRENNUNG(3:1) 32
5 24[b] 26 86 ACHTUNGTRENNUNG(3:1) 33
6 24[b] 28 48 ACHTUNGTRENNUNG(6:1) 34
7 19[b] 26 88 ACHTUNGTRENNUNG(3:1) 35
8 19[b] 28 45 ACHTUNGTRENNUNG(6:1) 36
9 25[b] 26 75 ACHTUNGTRENNUNG(5:1) 37
10 25[b] 28 48 ACHTUNGTRENNUNG(10:1) 38


[a] Ph2SO, TTBP, CH2Cl2, �45 8C, Tf2O, 10 min, then �78 8C, nucleophile,
to 0 8C. [b] Ph2SO, TTBP, CH2Cl2, �78 8C, Tf2O, 10 min, nucleophile, to
0 8C.


Scheme 4. Synthesis of the alginate trisaccharide 45. a) CH2Cl2, NIS, TFA (95%); b) Ph2SO, TTBP, �60 8C,
Tf2O, 28, �60 8C!room temperature (84%; a/b=10:1); c) THF, TBAF (87%); d) DMF, TBDMSCl, imida-
zole (78%); e) 37, Ph2SO, TTBP, �60 8C, Tf2O, then 41, �60 8C!room temperature (42%; a); f) THF, TBAF
(83%); g) i. CH2Cl2, tBuOH, H2O, TEMPO, BAIB; ii. tBuOH, Pd/C, H2 (44 : 90%, 45 : 85%, over 2 steps).
NIS=N-iodosuccinimide, TTBP= tri-tert-butylpyrimidine.
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ate yields in the gulosylations (Table 2, entries 4, 6, 8, and
10). We attribute these moderate yields to a reactivity mis-
match of the coupling partners[13] because in the condensa-
tion reactions all the donor guloside was consumed, whereas
some of the acceptor remained untouched. Other promoter
systems were investigated to modulate the reactivity of the
activated donor species. Iodonium-mediated glycosylations
with NIS/trimethylsilyl trifluoromethanesulfonate
(TMSOTf) and iodonium dicollidine perchlorate (IDCP)[4,14]


resulted in the same stereoselectivity, although the yield did
not improve (results not shown). Next, a dehydrative con-
densation strategy, originally devised by Gin and co-work-
ers,[15] was explored. In our experience, this type of glycosy-
lation is well suited to unreactive nucleophiles because the
activated sulfoxonium species is relatively stable and sur-
vives longer at higher temperatures.[16] Therefore, we hydro-
lyzed thiogulose 25 by using NIS/TFA[17] to give hemiacetal
donor 39 (Scheme 4). This lactol was activated by Ph2SO/
Tf2O and coupled to gulose 28 to provide disaccharide 38 in
a slightly improved yield (55%). Importantly, the excellent
a-stereoselectivity of DTBS-protected gulose 25 was main-
tained and was thus shown to be independent of the activa-
tion method. Changing the donor/acceptor ratio (1.2:1 to
2:1) further increased the yield to 84%.
Next, we elongated disaccharide 38 by liberation of the


hydroxy group at C-4’ and subsequent glycosylation with
two equivalents of 39. Trimer 42 was obtained as a single
diastereomer, albeit in a moderate 42% yield. The introduc-
tion of the carboxylate functions was achieved by desilyla-
tion of dimer 38 and trimer 42 and subsequent oxidation
mediated with TEMPO/BAIB. It was observed that primary
alcohols 40 and 43 were smoothly transformed into the cor-
responding aldehydes, but that ensuing oxidation to the acid
was troublesome. The addition of tBuOH to homogenise the
biphasic reaction mixture of dichloromethane and water en-
hanced the rate of aldehyde hydration, thereby allowing the
efficient oxidation of the lipophilic substrates.[18] Hydroge-
nolysis completed the synthesis, and the di- and triacids 44
and 45 were isolated in excellent yield over the two final
steps.
Finally, it is appropriate to comment on the unusually


high a-selectivity displayed by the gulopyranosides de-
scribed herein. In most pyranosides, an alkoxide aglycon
prefers to adopt an axial position as dictated by the anome-
ric effect.[19] In gulose, however, the anomeric effect will be
largely offset by the 1,3-diaxial interaction of the a-oriented
aglycon and the substituent at C-3.[20] Therefore, we dismiss
the anomeric effect to be the basis of the observed selectivi-
ties. Anomeric triflates have convincingly been demonstrat-
ed to be intermediates in sulfo-
nium-mediated glycosylations,
as practiced herein.[21] In most
cases, the anomeric a-triflates
serve as a reservoir for the
actual glycosylation species,
being a close ion pair (CIP) or
a solvent-separated ion pair


(SSIP). In the gulosylations at hand, it is difficult to predict
which anomeric triflate will be the most stable, because also
in this case the anomeric effect is counterbalanced by steric
interactions and both the a- and b-triflates may exist in solu-
tion. It is unlikely that the a-stereoselectivity in gulosylation
arises from the selective SN2-type displacement on the b-tri-
flate or b-CIP.
Rather, we believe that the high 1,2-cis selectivity origi-


nates form the conformational preferences of the intermedi-
ate solvent-separated oxacarbenium ion. Lemieux and
Huber postulated that the relative stabilities of the oxacar-
benium conformers can influence the stereochemical out-
come of glycosylation reactions.[22] Recently, the conforma-
tional restriction of oxacarbenium ions was exploited in the
stereoselective synthesis of b-arabinofuranoses.[23] Computa-
tional[24] and experimental[25] data have established that sub-
stituents on the pyranose ring influence the stability of the
oxacarbenium intermediate and thereby affect the outcome
of a glycosylation reaction. It was shown that electronega-
tive substituents at C-3 and C-4 prefer to adopt a pseudoax-
ial orientation, thereby minimizing their electron-withdraw-
ing nature. Substituents at C-2 and C-5 prefer to adopt a
pseudoequatorial orientation because of hyperconjugative
effects for the former[26] and steric reasons for the latter.[25]


When we apply these findings to the two likely half-chair
conformations of the l-gulose oxacarbenium ion intermedi-
ate, it becomes clear that all substituents occupy their pre-
ferred orientation in the 3H4 conformer (Scheme 5). On the
contrary, all the substituents are in disfavoured positions in
the 4H3 conformer. An incoming nucleophile will approach
the oxacarbenium ion in a pseudoaxial trajectory, with a
preference for the diastereotopic face that leads to the more
favourable chair-like product.[27] If no prohibitive steric in-
teractions evolve in the transition state, thus leading to the
coupled product, the l-gulose oxacarbenium ion will react
from the 3H4 conformer to form the a product. The protect-
ing-group pattern on the gulosides only has a marginal
effect on the stereochemical outcome of the condensation
reactions. Although the cyclic protecting groups in 19 and
25 restrict the conformational freedom of the gulopyranoses,
they do not a priori rule out either of the two half-chair oxa-
carbenium ion conformers because they can be accommo-
dated in both constellations. Participation of the acyl group
at C-4 in 24, as has been suggested in a-galactosylations,[28]


does not play a decisive role in the gulosylations described
herein. In comparison with the gulose donors, the stereose-
lectivity of the guluronate esters is somewhat decreased.
The counterproductive effect of the carboxylic ester could
suggest that this electron-withdrawing group at C-5 prefers


Scheme 5. Proposed oxacarbenium ion conformers.
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to adopt a pseudoaxial orientation in the oxacarbenium ion,
thereby shifting the ratio of the two half-chair intermediates
and the stereochemical outcome of the glycosylations.


Conclusion


In closing, we have mapped out the glycosylation properties
of gulopyranosides and have shown that gulose has an in-
trinsic preference for the formation of a 1,2-cis-glycosidic
bond. It is postulated that this glycosylation behaviour origi-
nates from nucleophilic attack at the oxacarbenium ion,
which adopts the most favourable conformation, that is, 3H4.
Building on the stereoselectivity of gulose, a guluronic acid
alginate trisaccharide has been assembled for the first time.
Insight into the influence of the stereochemistry of substitu-
ents on the pyranoside ring on the stereochemical outcome
of a glycosylation will aid the future development of stereo-
selective glycosylation reactions.


Experimental Section


Dichloromethane was heated to reflux with P2O5 and distilled before use.
Trifluoromethanesulfonic anhydride was distilled from P2O5. Traces of
water in the donor and acceptor glycosides, diphenyl sulfoxide, and
TTBP were removed by coevaporation with toluene. All other chemicals
were used as received from Acros, Fluka, Merck, and Schleicher &
Schue. Column chromatography was performed on Merck silica gel 60
(0.040–0.063 mm). Analysis by TLC was conducted on HPTLC aluminum
sheets (Merck; silica gel 60, F245). Compounds were visualised by UV
absorption (l=245 nm) by spraying with 20% H2SO4 in ethanol or with
a solution of [Mo7ACHTUNGTRENNUNG(NH4)6O24]·4H2O (25 gL�1), [Ce ACHTUNGTRENNUNG(NH4)4 ACHTUNGTRENNUNG(SO4)4]·2H2O
(10 gL�1), or 10% H2SO4 in H2O followed by charring at +/�140 8C. 1H
and 13C NMR spectra were recorded on Bruker AV 400 (400 and
100 MHz, respectively), AV 500 (500 and 125 MHz, respectively), or
DMX 600 (600 and 150 MHz, respectively) spectrometers. NMR spectra
were recorded in CDCl3 with the chemical shift d relative to trimethylsi-
lane (TMS) unless stated otherwise. Optical rotations were measured on
a Propol automatic polarimeter. High-resolution (HR) mass spectra were
recorded on a LTQ-orbitrap (thermoelectron). IR spectra were recorded
on a Shimadzu FTIR-8300 spectrometer and are reported in cm�1.


2,3–5,6-Di-O-isopropylidene-a,b-l-gulofuranose (2): H2SO4 (5 drops) was
added to a suspension of l-gulonic acid g-lactone (1; 40.0 g, 225 mmol)
and 2,2-dimethoxypropane (71 mL, 788 mmol) in acetone (800 mL). The
reaction mixture was stirred overnight and quenched with Et3N until neu-
tral pH. The acetone was removed in vacuo, and the residue was taken
up in Et2O and washed twice with H2O. The organic layer was dried over
MgSO4 and concentrated in vacuo. The residue was dissolved in toluene
(2.0 L) and DIBAL-H (137 mL, 1.7m solution in toluene) was slowly
added at 0 8C. The reaction was quenched with EtOAc (20 mL) after
20 min, 2m NaOH (215 mL) was added under vigorous stirring, and the
reaction mixture was filtered over Hyflo Gel. The aqueous layer was ex-
tracted twice with EtOAc and the combined organic layers dried over
MgSO4 and concentrated in vacuo to afford 2 as a white solid (49 g,
84%). 1H NMR (400 MHz, CDCl3): d=1.29 (s, 3H, CH3 isoprop), 1.39
(s, 3H, CH3 isoprop), 1.45 (s, 6H, 2PCH3 isoprop), 3.44 (d, 1H, J=


2.0 Hz, OH), 3.74 (dd, 1H, J=7.2, 8.4 Hz, H-6), 4.13 (dd, 1H, J=3.6,
8.4 Hz, H-4), 4.21 (dd, 1H, J=6.4, 8.4 Hz, H-6), 4.37 (dd, 1H, J=6.8,
8.4 Hz, H-5), 4.63 (d, 1H, J=5.6 Hz, H-2), 4.70 (dd, 1H, J=3.8, 5.8 Hz,
H-3), 5.46 ppm (d, 1H, J=2.0 Hz, H-1); 13C NMR (100 MHz, CDCl3):
d=24.7 (CH3 isoprop), 25.4 (CH3 isoprop), 25.9 (CH3 isoprop), 26.7
(CH3 isoprop), 66.0 (C-6), 75.5 (C-5), 79.8 (C-3), 82.1 (C-4), 85.6 (C-2),
101.3 (C-1), 109.7 (Cq isoprop), 112.8 ppm (Cq isoprop); HRMS: m/z :


calcd for C12H20O6+H
+ : 261.1333; found: 261.1313; IR (neat): ñ =1091,


1263, 1380, 1454, 2986, 3445 cm�1.


a,b-l-Gulose (3): Compound 2 (75.5 g, 290 mmol) was added to H2O
(870 mL) and TFA (174 mL) at 0 8C, after which the reaction mixture
was allowed to warm to room temperature. After stirring for 5 h, approx-
imately half of the volume was evaporated in vacuo. The solution was di-
luted with H2O (500 mL) and evaporated to half the volume. This process
was repeated twice, and the remaining TFA was quenched with Et3N
until neutral pH. The reaction mixture was concentrated in vacuo to
obtain 3 as a colourless oil (52.2 g, quantitative). 1H NMR (500 MHz,
D2O): d=3.65 (dd, 1H, J=3.3, 8.3 Hz, H-2), 3.74–3.79 (m, 2H, H-6, H-
6), 3.83 (d, 1H, J=3.5 Hz, H-4), 4.02 (t, 1H, J=6.0 Hz, H-5), 4.09 (t, 1H,
J=3.3 Hz, H-3), 4.90 ppm (d, 1H, J=8.0 Hz, H-1); 13C NMR (125 MHz,
CDCl3): d=60.56 (C-6), 68.64–73.66 (C-2, C-3, C-4, C-5), 93.39 ppm (C-
1); HRMS: m/z : calcd for C6H12O6+Na


+ : 203.05261; found: 203.05262.


Penta-O-acetyl-a,b-l-gulopyranose (4): Gulose (3 ; 52.2 g, 290 mmol) was
dissolved in pyridine (1 L) and cooled to 0 8C. After the addition of
Ac2O (200 mL), the reaction mixture was allowed to stir overnight at
room temperature. The reaction was quenched with MeOH and concen-
trated in vacuo. The reaction mixture was diluted with EtOAc, washed
with 1m HCl (aq), NaHCO3 (aq), and brine. The organic layer was dried
over MgSO4 and concentrated in vacuo to yield 4 as a dark-yellow oil
(96.6 g, 72%). 1H NMR major anomer (400 MHz, CDCl3): d=2.05–2.17
(5Ps, 15H, 5PCH3 acetyl), 4.11 (m, 1H, H-6), 4.17 (m, 1H, H-6), 4.37
(m, 1H, H-5), 5.00 (dd, 1H, J=1.2, 4.0 Hz, H-4), 5.12 (dd, 1H, J=3.6,
8.6 Hz, H-2), 5.44 (t, 1H, J=3.6 Hz, H-3), 6.00 ppm (d, 1H, J=8.4 Hz,
H-1); 13C NMR (100 MHz, CDCl3): d=20.5–20.9 (CH3 acetyl), 61.5 (C-
6), 67.2 (C-3), 67.3 (C-2), 67.5 (C-4), 71.3 (C-5), 89.9 (C-1), 168.9–
170.4 ppm (CO); HRMS: m/z : calcd for C16H22O11+Na


+ : 413.10543;
found: 413.10544; IR (neat): ñ =1065, 1207, 1369, 1744 cm�1.


Phenyl-2,3,4,6-tetra-O-acetyl-1-thio-b-l-gulopyranoside (5): Per acetyl
gulose (4 ; 83.8 g, 215 mmol) was dissolved in AcOH (86 mL) and cooled
to 0 8C. HBr/AcOH (33%, 102 mL) was added slowly and the reaction
mixture was stirred at 0 8C for 2 h. The reaction mixture was then poured
into icewater and extracted with EtOAc (2P250 mL). The organic layers
were carefully washed with NaHCO3 (aq) and added to a solution of
Bu4NHSO4 (730 g, 215 mmol), Na2CO3 (286 g, 1.00 mol), and PhSH
(26.4 mL, 258 mmol) in H2O (1 L). When analysis by TLC showed com-
plete consumption of the starting material, the layers were separated and
the organic layer was washed with 1m NaOH and brine. The organic
layer was dried over MgSO4 and concentrated in vacuo. Column chroma-
tography yielded 5 as a slightly yellow oil (62.5 g, 66%). [a]22D =�20.6
(c=1, CHCl3);


1H NMR (600 MHz, CDCl3): d=2.01–2.22 (m, 12H, CH3


acetyl), 4.145–4.25 (m, 3H, H-5, H-6, H-6), 4.98 (dd, 1H, J=0.8, 4.0 Hz
H-4), 5.05 (m, 2H, H-1, H-2), 5.37 (dd, 1H, J=2.0, 3.2 Hz, H-3), 7.26–
7.33 (m, 3H, Ar-H SPh), 7.50–7.54 ppm (m, 2H, Ar-H SPh); 13C NMR
(150 MHz, CDCl3): d =20.6–21.0 (CH3 acetyl), 62.0 (C-6), 66.3 (C-2),
66.8 (C-3), 67.8 (C-4), 72.7 (C-5), 83.0 (C-1), 127.4–132.4 (Ar-CH), 132.6
(Cq SPh), 168.8–170.4 ppm (CO); HRMS: m/z : calcd for C20H24O9S+


Na+ : 463.10332; found: 463.10311; IR (neat): ñ=1026, 1059, 1209, 1369,
1736 cm�1.


Phenyl-1-thio-b-l-gulopyranoside (6): Compound 5 (62.5 g, 142 mmol)
was dissolved in MeOH (750 mL) and a catalytic amount of NaOMe was
added. The reaction mixture was stirred overnight, quenched with Am-
berlite H+ , and concentrated in vacuo. Crystallisation from acetone
yielded 6 as white crystals (37.5 g, 97%). [a]22D =++48.6 (c=1, CHCl3);
1H NMR (400 MHz, MeOD): d=3.67–3.79 (m, 4H, H-2, H-4, H-6, H-6),
3.92 (t, 1H, J=5.8 Hz, H-4), 3.97 (t, 1H, J=3.6 Hz, H-3), 5.02 (d, 1H,
J=10.4 Hz, H-1), 7.19–7.29 (m, 3H, Ar-H), 7.53–7.56 ppm (m, 2H, Ar-
H); 13C NMR (150 MHz, CDCl3): d=62.7 (C-6), 68.1 (C-2), 71.2 (C-5),
72.6 (C-4), 77.3 (C-3), 87.3 (C-1), 127.8, 129.8, 131.9 (Ar-CH), 136.3 ppm
(Cq SPh); HRMS: m/z : calcd for C12H16O5S+Na+ : 295.06107; found:
295.06130; IR (neat): ñ=974, 1034, 1051, 1412, 3234, 3440 cm�1.


Phenyl-2,3,4,6-tetra-O-benzyl-1-thio-b-l-gulopyranoside (7): Thiogulose
(6 ; 1.54 g, 5.66 mmol) was dissolved in DMF (56 mL) and cooled to 0 8C.
Respectively, BnBr (3.2 mL, 27 mmol) and NaH (1.08 g, 27 mmol, 60%
dispersion in oil) were added. After stirring overnight, the reaction mix-
ture was quenched with MeOH and concentrated in vacuo. The residue
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was taken up in Et2O and washed three times with H2O. The organic
layer was dried over MgSO4 and concentrated in vacuo. Column chroma-
tography yielded 7 as a colourless oil (3.19 g, 89%). [a]22D =++9.17 (c=


0.024, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=3.51 (m, 1H, H-4), 3.57–


3.67 (m, 2H, H-6), 3.71 (t, 1H, J=3.2 Hz, H-3), 3.75 (dd, 1H, J=2.8,
10 Hz, H-2), 4.13 (t, 1H, J=6.4 Hz, H-5), 4.26 (d, 1H, J=12 Hz, CH2


Bn), 4.31 (d, 1H, J=12 Hz, CH2 Bn), 4.37 (d, 1H, J=10.8 Hz, CH2 Bn),
4.40 (d, 1H, J=8.8 Hz, CH2 Bn), 4.47–4.52 (m, 2H, CH2 Bn), 4.59 (d,
1H, J=11.6 Hz, CH2 Bn), 4.66 (d, 1H, J=12 Hz, CH2 Bn), 5.23 (d, 1H,
J=10 Hz, H-1), 7.08–7.10 (m, 2H, Ar-H), 7.12–7.35 (m, 21H, Ar-H),
7.51–7.60 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3): d =69.0 (C-
6), 72.4 (CH2 Bn), 72.8 (CH2 Bn), 73.1 (C-3), 73.2 (CH2 Bn), 73.4 (CH2


Bn), 74.4 (C-5), 74.8 (C-2), 74.9 (C-4), 84.3 (C-1), 126.8–128.6 (Ar-CH),
131.4 (Ar-CH), 138.2 ppm (Cq Bn); HRMS: m/z : calcd for C40H40O5S+


Na+ : 655.24887; found: 655.24860; IR (neat): ñ=741, 1001, 1028, 1076,
1101, 1207, 1360, 1439, 1454, 1497, 2866, 3032, 3061 cm�1.


Phenyl-2,3,4-tri-O-benzyl-1-thio-b-l-gulopyranoside (8): Compound 6
(5.45 g, 20 mmol) was dissolved in pyridine (100 mL) and trityl chloride
(8.36 g, 30 mmol) was added, and the reaction mixture was stirred for
3 days. The reaction was quenched with MeOH and concentrated in
vacuo. The mixture was diluted with EtOAc, washed with 1m HCl (aq),
NaHCO3 (aq), and brine. The organic layer was dried over MgSO4 and
concentrated in vacuo. The residue was dissolved in DMF (100 mL) and
cooled to 0 8C. Respectively, BnBr (8.55 mL, 72 mmol) and NaH (2.88 g,
72 mmol, 60% dispersion in oil) were added. After stirring overnight, the
reaction mixture was quenched with MeOH and concentrated in vacuo.
The residue was taken up in Et2O and washed three times with H2O. The
organic layer was dried over MgSO4 and concentrated in vacuo. The resi-
due was dissolved in CH2Cl2 (50 mL) and MeOH (200 mL) and a catalyt-
ic amount of p-TsOH was added. The reaction mixture was stirred over-
night. The reaction mixture was neutralised with Et3N and concentrated
in vacuo. Column chromatography yielded 8 as a colourless oil (9.58 g,
88%). [a]22D =++11.8 (c=0.024, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=


3.40 (m, 1H, H-3), 3.45–3.53 (m, 1H, H-6), 3.76 (m, 2H, H-2, H-4), 3.80–
3.85 (m, 1H, H-6), 3.94–3.97 (m, 1H, H-5), 4.22 (d, 1H, J=12 Hz, CH2


Bn), 4.29 (d, 1H, J=12 Hz, CH2 Bn), 4.40 (d, 1H, J=12 Hz, CH2 Bn),
4.49 (d, 1H, J=12 Hz, CH2 Bn), 4.61 (d, 1H, J=11.6 Hz, CH2 Bn), 4.71
(d, 1H, J=12 Hz, CH2 Bn), 5.23 (d, 1H, J=9.6 Hz, H-1), 7.07–7.10 (m,
2H, Ar-H), 7.23–7.36 (m, 16H, Ar-H), 7.55–7.57 ppm (m, 2H, Ar-H);
13C NMR (100 MHz, CDCl3): d =62.5 (C-6), 72.1 (CH2 Bn), 72.7 (C-2 or
C-4), 72.9 (CH2 Bn), 73.4 (CH2 Bn), 74.9 (C-2 or C-4), 75.2 (C-3), 75.8
(C-5), 84.0 (C-1), 127.0–128.8 (Ar-CH), 131.6 (Ar-CH), 134.0 (Cq Bn),
137.5 (Cq Bn), 137.8 (Cq Bn), 138.1 ppm (Cq Bn); HRMS: m/z : calcd for
C33H34O5S+H+ : 543.21997; found: 543.22015; IR (neat): ñ =739, 922,
1001, 1026, 1042, 1074, 1207, 1358, 1439, 1454, 1477, 1497, 2878, 3030,
3063 cm�1.


Methyl (phenyl-2,3,4-tri-O-benzyl-1-thio-b-d-gulopyranosyluronate) (9):
Compound 8 (1.95 g, 3.6 mmol) was taken up in CH2Cl2 (24 mL) and
H2O (12 mL) and TEMPO (0.115 g, 0.74 mmol) and BAIB (2.89 g,
9.0 mmol) were added. The reaction mixture was stirred vigorously until
analysis by TLC showed complete conversion of the starting material.
Na2S2O3 (50 mL, aq) was added and the resulting mixture was stirred for
15 min. The layers were separated and the aqueous phase acidified with
1m HCl and extracted three times with CH2Cl2. The combined organic
layers were dried over MgSO4 and concentrated in vacuo. The residue
was taken up in DMF (20 mL) and K2CO3 (2.49 g, 18 mmol) and MeI
(0.56 mL, 9.0 mmol) was added. After 2 h, the reaction mixture was dilut-
ed with Et2O (50 mL) and washed three times with H2O. The organic
layer was dried over MgSO4 and concentrated in vacuo. Purification by
column chromatography yielded 9 as a white solid (1.48 g, 72%). [a]22D =


+17.0 (c=1, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=3.72–3.75 (m,


4H, H-3, CH3 CO2Me), 3.83 (dd, 1H, J=3.2, J=10 Hz, H-2), 3.91 (dd,
1H, J=3.6, 1.6 Hz, H-4), 4.31 (d, 1H, J=12 Hz, CH2 Bn), 4.39 (d, 1H,
J=12 Hz, CH2 Bn), 4.41 (d, 1H, J=12 Hz, CH2 Bn), 4.56 (d, 1H, J=


12 Hz, CH2 Bn), 4.60 (s, 1H, H-5), 4.61 (d, 1H, J=12 Hz, CH2 Bn), 4.71
(d, 1H, J=12.4 Hz, CH2 Bn), 5.23 ppm (d, 1H, J=10 Hz, H-1);
13C NMR (100 MHz, CDCl3): d =52.1 (CH3 CO2Me), 72.5 (CH2 Bn), 72.7
(CH2 Bn), 72.7 (C-3), 72.2 (CH2 Bn), 73.9 (C-2), 74.7 (C-5), 76.2 (C-
4),84.4 (C-1), 127.2–128.6 (Ar-C), 132.4 (Ar-C), 133.7 (Cq Bn), 137.4 (Cq


Bn), 137.7 (Cq Bn), 137.8 (Cq Bn), 169.1 ppm (COOMe); HRMS: m/z :
calcd for C34H34O6S+NH4


+ : 588.24144; found: 588.24210; IR (neat): ñ=


731, 897, 814, 939, 1026, 1074, 1126, 1209, 1265, 1304, 1358, 1420, 1439,
1454, 1477, 1497, 1734, 1765, 2876 cm�1.


Methyl-2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-a,b-l-gulopyrano-
side)-a-d-glucopyranoside (13): A solution of donor 7 (0.127 g,
0.2 mmol), diphenyl sulfoxide (0.045 g, 0.22 mmol), and tri-tert-butylpyri-
midine (0.124 g, 0.5 mmol) in CH2Cl2 (4 mL) was stirred over activated 3-
Q molecular sieves (MS) for 30 min. The reaction mixture was cooled to
�78 8C before triflic acid anhydride (37 mL, 0.22 mmol) was added. The
reaction mixture was stirred for 10 min at �78 8C followed by the addi-
tion of acceptor 10 (0.139 g, 0.3 mmol) in CH2Cl2 (3 mL). Stirring was
continued and the reaction mixture was allowed to warm to 0 8C and
Et3N (0.15 mL) was added. The reaction mixture was diluted with
CH2Cl2 and washed with NaHCO3 (aq). The aqueous layer was extracted
twice with CH2Cl2. The collected organic layers were dried over MgSO4


and concentrated in vacuo. Purification by size exclusion and column
chromatography yielded 13 as a colourless oil (71%, 0.140 g, a/b=13:1).
Determination of the a/b ratio by 1H NMR: d= 3.25 (s, 3H, OCH3 a),
3.33 ppm (s, 0.22H, OCH3 b). a isomer: 1H NMR (400 MHz, CDCl3): d=


3.25 (s, 3H, OCH3), 3.38 (dd, 1H, J=3.6, J=9.6 Hz, H-2), 3.53–3.62 (m,
2H, H-6’), 3.63–3.85 (m, 6H, H-3’, H-4, H-6, H-5, H-2’, H-4’), 3.96 (t,
1H, J=9.2 Hz, H-3), 4.01 (d, 1H, J=10 Hz, H-6’), 4.33–4.55 (m, 9H, H-
5’, CH2 Bn), 4.57 (d, 1H, J=3.6 Hz, H-1), 4.68 (d, 1H, J=12.4 Hz, CH2


Bn), 4.71 (d, 1H, J=12.4 Hz, CH2 Bn), 4.80 (d, 1H, J=10.8 Hz, CH2


Bn), 4.83 (d, 1H, J=12 Hz, CH2 Bn), 4.93 (d, 1H, J=10.8 Hz, CH2 Bn),
4.98 ppm (d, 1H, J=3.2 Hz, H-1’); 13C NMR (100 MHz, CDCl3): d=54.8
(OCH3), 65.5 (C-5), 67.2 (C-6’), 68.8 (C-6), 70.1 (C-4’), 71.1 (CH2 Bn),
72.7 (C-2’), 72.7 (CH2 Bn), 72.8 (CH2 Bn), 73.0 (CH2 Bn), 73.1 (CH2 Bn),
74.2 (C-5’), 74.8 (CH2 Bn), 75.5 (CH2 Bn), 75.6 (C-3’), 77.9 (C-4’), 80.2
(C-2), 82.0 (C-3), 97.7 (C-1’), 97.8 (C-1), 127.1–128.3 (Ar-CH), 138.1 (Cq
Bn), 138.3 (Cq Bn), 138.4 (Cq Ph), 138.5 (Cq Bn), 138.8 (Cq Bn), 139.1 (Cq
Bn), 139.4 ppm (Cq Bn); HRMS: m/z : calcd for C62H66O11+NH4


+ :
1004.49434; found: 1004.49579; IR (neat): ñ=733, 820, 908, 1026, 1047,
1069, 1194, 1207, 1310, 1327, 1360, 1454, 1497, 2870, 3030, 3063 cm�1.


Methyl-2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-a,b-l-gulopyrano-
side)-a-d-glucopyranoside (14): As described for the synthesis of 13 using
acceptor 11 (0.139 g, 0.3 mmol). Purification by size exclusion and
column chromatography yielded 14 as a colourless oil (91%, 0.179 g, a/
b=10:1). Determination of the a/b ratio by 1H NMR: d=5.11 (d, 1H,
J=4.0 Hz, H-1’ a), 5.38 ppm (d, 0.09H, J=8.0 Hz, H-1’ b). a isomer:
1H NMR (400 MHz, CDCl3): d=3.34 (s, 3H, CH3 OMe), 3.45 (m, 1H),
3.51 (dd, 1H, J=3.6 Hz, 8.8 Hz), 3.60 (m, 1H), 3.68 (t, 1H, J=3.2 Hz),
3.73 (m, 1H, H-2’), 3.76–3.89 (m, 4H), 4.09 (d, 1H, J=11.6 Hz, CH2 Bn),
4.15 (d, 1H, J=11.6 Hz, CH2 Bn), 4.26–4.40 (m, 7H), 4.51–4.56 (m, 3H,
H-1), 4.66 (d, 1H, J=8.8 Hz, CH2 Bn), 4.68 (d, 1H, J=8.8 Hz, CH2 Bn),
4.88 (d, 1H, J=11.2 Hz, CH2 Bn), 4.95 (d, 1H, J=11.2 Hz, CH2 Bn), 5.11
(d, 1H, J=4.0 Hz, H-1’), 7.08–7.30 ppm (m, 35H, Ar-CH); 13C NMR
(100 MHz, CDCl3): d =54.9 (CH3 OMe), 65.3, 68.1, 68.9, 70.1, 71.3, 72.6,
72.7, 72.8, 72.9, 73.0, 73.1, 73.3, 73.9, 74.5, 75.8, 80.3, 80.5, 97.6 (C-1’), 97.8
(C-1), 126.8–128.7 (Ar-CH), 137.9–139.5 ppm (Cq Bn); ESI-MS: m/z :
987.5 [M+H+]; IR (neat): ñ=732, 909, 1027, 1454, 2866, 3030 cm�1.


para-Methoxyphenyl-2-O-benzyl-(2,3,4,6-tetra-O-benzyl-a-l-gulopyrano-
side)-4,6-benzylidene-b-d-galactopyranoside (15): As described for the
synthesis of 13 using acceptor 12 (0.139 g, 0.3 mmol). Purification by size
exclusion and column chromatography yielded 15 as a colourless oil
(73%, 0.144 g). Determination of the a/b ratio by 1H NMR: d =5.47 (s,
0.07H, CH benzylidene b), 5.55 ppm (s, 1H, CH benzylidene a). a


anomer: 1H NMR (400 MHz, CDCl3): d=3.28 (s, 1H, H-6), 3.43 (dd, 1H,
J=10 Hz, H-6), 3.57–3.60 (m, 1H, H-4’), 3.62 (t, 1H, J=10 Hz, H-5’),
3.68 (dd, 1H, J=10, 3.6 Hz, H-3), 3.71 (s, 1H, H-6’), 3.86 (m, 1H, H-2’),
3.90 (m, 1H, H-3’), 4.03–4.10 (m, 2H, H-2, H-6), 4.30–4.49 (m, 6H, CH2


Bn), 4.58–4.63 (m, 2H, H-4, CH2 Bn), 4.71–4.72 (m, 1H, H-5), 4.76 (d,
1H, J=11.2 Hz, CH2 Bn), 4.87–4.90 (m, 2H, H-1, CH2 Bn), 5.23 (d, 1H,
J=3.6 Hz, H-1’), 5.55 (s, 1H, CH benzylidene), 6.74–6.76 (m, 2H, Ar-H),
6.99–7.01 (m, 2H, Ar-H), 7.12–7.31 (m, 35H, Ar-H), 7.38–7.40 (m, 3H,
Ar-H), 7.50–7.52 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3): d=


55.5 (OCH3 pMP (p-methoxyphenyl)), 66.6 (C-5), 68.5 (C-6), 70.9 (C-6’),
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70.9 (C-4), 72.0 (C-3’), 72.5 (CH2 Bn), 72.8 (CH2 Bn), 73.8 (CH2 Bn), 74.3
(C-2’), 75.1 (C-5’), 75.1 (CH2 Bn), 76.8 (C-4’), 77.0 (C-2), 82.8 (C-3), 99.5
(CH benzylidene), 100.7 (C-1’), 102.7 (C-1), 114.2 (CpMP), 118.9 (CpMP),
125.2–128.3 (Ar-CH), 137.7 (Cq Bn), 138.9 (Cq Bn), 138.1 (Cq Bn), 138.3
(Cq Bn), 138.9 (Cq Bn), 139.0 (Cq Bn), 151.6 (Cq Bn), 155.0 ppm (Cq Bn);
HRMS: m/z : calcd for C61H62O12+NH4


+ : 1004.45795; found: 1004.45946;
IR (neat): ñ =731, 824, 872, 910, 997, 1026, 1065, 1080, 1173, 1217, 1265,
1308, 1367, 1454, 1506, 2866, 3030 cm�1.


Methyl-2,3,4-tri-O-benzyl-6-O-[methyl (2,3,4-tri-O-benzyl-a,b-l-gulopyra-
nosyl)uronate]-a-d-glucopyranoside (16): A solution of donor 7 (0.114 g,
0.2 mmol), diphenyl sulfoxide (0.045 g, 0.22 mmol), and tri-tert-butylpyri-
midine (0.124 g, 0.5 mmol) in CH2Cl2 (4 mL) was stirred over activated 3-
Q MS for 30 min. The mixture was cooled to �60 8C before triflic acid
anhydride (37 mL, 0.22 mmol) was added. The mixture was warmed to
�45 8C then cooled to �78 8C followed by the addition of acceptor 10
(0.139 g, 0.3 mmol) in CH2Cl2 (3 mL). Stirring was continued and the re-
action mixture was allowed to warm to 0 8C and Et3N (0.15 mL) was
added. The reaction mixture was diluted with CH2Cl2 and washed with
NaHCO3 (aq). The aqueous layer was extracted twice with CH2Cl2. The
collected organic layers were dried over MgSO4 and concentrated in
vacuo. Purification by size exclusion and column chromatography yielded
16 as a colourless oil (115 mg, 73%, a/b =3:1). Determination of the a/b
ratio by 1H NMR (400 MHz, CDCl3): d =3.60 (s, 1.15H, CH3 CO2Me b),
3.64 (s, 3.62H, CH3 CO2Me a), 4.96 (d, 0.33H, J=8 Hz, H-1’b), 5.08 ppm
(d, 1H, J=3.6 Hz, H-1); 13C NMR (100 MHz, CDCl3): d=97.8 (C-1a),
98.0 (C-1’a), 100.6 ppm (C-1’b); HRMS: m/z : calcd for C56H60O12+NH4


+ :
942.44230; found: 942.44351; IR (neat): ñ =731, 808, 910, 1026, 1047,
1070, 1207, 1265, 1304, 1358, 1439, 1454, 1497, 1732, 1765, 2876,
3030 cm�1.


Methyl-2,3,6-tri-O-benzyl-4-O-[methyl (2,3,4-tri-O-benzyl-a-l-gulopyra-
nosyl)uronate]-a-d-glucopyranoside (17): As described for the synthesis
of 16 using acceptor 11 (0.139 g, 0.3 mmol). Purification by size exclusion
and column chromatography yielded 17 as a colourless oil (189 mg,
94%). 1H NMR (400 MHz, CDCl3): d=3.31 (s, 3H, CH3 CO2Me), 3.42
(s, 3H, CH3 OMe), 3.63 (dd, 1H, J=3.6, 8.8 Hz, H-2), 3.72–3.75 (m, 2H,
H-6, H-3’), 3.85–3.97 (m, 5H, H-3, H-5, H-6, H-2’, H-4’), 4.35 (s, 2H, CH2


Bn), 4.40–4.53 (m, 4H, CH2 Bn), 4.57 (d, 1H, J=12 Hz, CH2 Bn), 4.63
(d, 1H, J=3.6 Hz, H-1), 4.69 (d, 1H, J=12 Hz, CH2 Bn), 4.83 (d, 1H,
J=12 Hz, CH2 Bn) 4.99 (m, 2H, H-5’, CH2 Bn), 5.26 (d, 1H, J=3.6 Hz,
H-1’), 7.16–7.40 ppm (m, 30H, Ar-H); 13C NMR (100 MHz, CDCl3): d=


51.4 (CH3 COOMe), 54.9 (CH3 OMe), 67.6 (C-5’), 68.3 (C-6), 70.2, 71.5,
72.2, 72.6, 72.9, 73.1, 73.2, 73.3, 74.2, 75.0, 76.6, 76.7, 77.3, 79.8, 80.1, 97.4
(C-1’), 97.8 (C-1), 126.5–128.3 (CH Bn), 137.5–139.2 (Cq Bn), 169.6 ppm
(COOMe); ESI-MS: 925.4 [M+H+]; IR (neat): ñ=533, 732, 910, 1027,
1208, 1554, 1797, 1734, 1764, 2892, 3031 cm�1.


para-Methoxyphenyl-2-O-benzyl-3-O-[methyl (2,3,4-tri-O-benzyl-a,b-l-
gulopyranosyl)uronate]-4,6-benzylidene-b-d- galactopyranoside (18): As
described for the synthesis of 13 using acceptor 12 (0.139 g, 0.3 mmol).
Purification by size exclusion and column chromatography yielded 18 as
a colourless oil (124 mg, 79%, a/b=10:1). Determination of the a/b ratio
by 1H NMR (400 MHz, CDCl3): d=5.21 (d, 0.11H, J=8 Hz, H-1’b),
5.34 ppm (d, 1H, J=3.6 Hz, H-1’a); 13C NMR (100 MHz, CDCl3): d=


100.2 (C-1’a), 102.6 ppm (C-1a); HRMS: m/z : calcd for C55H56O13+Na
+ :


947.36131; found: 947.36190; IR (neat): ñ =731, 826, 908, 997, 1026 1065,
1078, 1175, 1217, 1265, 1306, 1366, 1439, 1454, 1506, 175, 2870, 3030 cm�1.


Phenyl-2,3-di-O-benzyl-4,6-O-benzylidene-1-thio-b-l-gulopyranoside
(19): Compound 6 (10.88 g, 40.0 mmol) was dissolved in MeCN (400 mL)
and benzaldehyde dimethylacetal (6.32 mL, 42.0 mmol) and a catalytic
amount of p-TsOH were added. After stirring for 15 h, the reaction mix-
ture was quenched with Et3N until neutral pH and concentrated in
vacuo. The residue was dissolved in DMF (200 mL) and cooled to 0 8C.
Respectively, BnBr (11.4 mL, 96 mmol) and NaH (3.84 g, 96 mmol, 60%
dispersion in oil) were added. After stirring overnight, the reaction mix-
ture was quenched with MeOH and concentrated in vacuo. The residue
was taken up in Et2O and washed three times with H2O. The organic
layer was dried over MgSO4 and concentrated in vacuo. Column chroma-
tography yielded 19 as a colourless oil (15.12 g, 70%). [a]22D =++39.2 (c=


1, CHCl3);
1H NMR (400 MHz, CDCl3): d=3.81 (dd, 1H, J=2.8,


10.0 Hz, H-2), 3.83 (s, 1H, H-5), 3.92 (t, 1H, J=3.2 Hz), 3.97 (dd, 1H,
J=1.6, 12.4 Hz, H-6), 4.05 (d, 1H, J=3.6 Hz, H-4), 4.33 (d, 1H, J=


12.8 Hz, H-6), 4.36 (d, 1H, J=11.6 Hz, CH2 Bn), 4.47 (d, 1H, J=11.2 Hz,
CH2 Bn), 4.63 (d, 1H, J=12.0 Hz, CH2 Bn), 4.79 (d, 1H, J=12.0 Hz,
CH2 Bn), 5.27 (d, 1H, J=9.6 Hz, H-1), 5.47 (s, 1H, CH benzylidene),
7.15–7.72 ppm (m, 20H, Ar-H); 13C NMR (100 MHz, CDCl3): d=67.5
(C-5), 69.5 (C-6), 72.5 (CH2 Bn), 73.6 (CH2 Bn), 74.0 (C-2), 74.3 (C-3),
75.0 (C-4), 83.1 (C-1), 100.9 (CHPh), 126.4–132.7 (Ar-CH), 133.0 (Cq
SPh), 137.8, 137.9, 138.1 ppm (Cq Bn, Cq benzylidene); HRMS: m/z :
calcd for C33H32O5S+H+ : 541.20432; found: 541.20440; IR (neat): ñ=


995, 1080, 1394, 1454, 2870, 3032 cm�1.


Phenyl-2,3-O-benzyl-1-thio-b-l-gulopyranoside (20): A solution of 3
(10.8 g, 20 mmol) in MeOH (200 mL) with a catalytic amount of p-TsOH
was stirred overnight at room temperature. The reaction mixture was
quenched with Et3N until neutral pH and concentrated in vacuo. Purifica-
tion of the residue by column chromatography afforded 20 as a colourless
oil (9.05 g, quantitative). [a]22D =++27.6 (c=1, CHCl3);


1H NMR
(400 MHz, CDCl3): d=2.38 (b s, 1H, 6-OH), 3.45 (d, 1H, J=3.6 Hz, 4’-
OH), 3.81 (dd, 1H, J=2.8, 10.0 Hz, H-2), 3.85–3.98 (m, 5H, H-3, H-4, H-
5, H-6, H-6), 4.55 (d, 1H, J=11.6 Hz, CH2 Bn), 4.60 (d, 1H, J=12.0 Hz,
CH2 Bn), 4.64 (d, 1H, J=11.6 Hz, CH2 Bn), 4.77 (d, 1H, J=12.0 Hz,
CH2 Bn), 5.28 (d, 1H, J=10.0 Hz, H-1), 7.24–7.38 (m, 13H, Ar-H), 7.52–
7.54 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3): d=64.0 (C-6),
70.8 (C-5), 72.7 (CH2 Bn), 73.5 (CH2 Bn), 74.2 (C-4), 75.0 (C-2), 75.5 (C-
3), 84.7 (C-1), 127.2–131.5 (Ar-CH), 133.8 (Cq SPh), 137.9 (Cq Bn),
138.2 ppm (Cq Bn); HRMS: m/z : calcd for C26H28O5S+H+ : 453.17302;
found: 453.17296; IR (neat): ñ =956, 1026, 1454, 2889, 3402 cm�1.


Methyl (phenyl-2,3-O-benzyl-1-thio-b-l-guluronate) (21): Compound 20
(0.538 g, 1.18 mmol) was taken up in CH2Cl2 (10 mL) and H2O (4 mL).
TEMPO (0.038 g, 0.24 mmol) and BAIB (0.955 g, 2.96 mmol) were added
to this mixture, and the reaction mixture was stirred vigorously until
analysis by TLC showed complete conversion of the starting material.
Na2S2O3 (50 mL, aq) was added and the resulting mixture was stirred for
15 min. The layers were separated and the aqueous phase was acidified
with 1m HCl and extracted three times with CH2Cl2. The combined or-
ganic layers were dried over MgSO4 and concentrated in vacuo. The re-
sulting syrup was then dissolved in Et2O (20 mL) and cooled to 0 8C,
after which TMS diazomethane (0.5m in Et2O) was added until the solu-
tion turned bright yellow. AcOH was added until the yellow colour disap-
peared. The mixture was concentrated in vacuo. Purification by column
chromatography yielded 21 as a colourless oil (0.280 g, 49%). [a]22D =


�98.8 (c=1, CHCl3);
1H NMR (400 MHz, CDCl3): d=2.76 (bs, 1H, 4’-


OH), 3.73–3.74 (m, 1H, H-2), 3.75 (s, 3H, CH3 CO2Me), 3.95 (t, 1H, J=


3.4 Hz, H-3), 4.16 (bs, 1H, H-4), 4.51 (d, 1H, J=11.2 Hz, CH2 Bn), 4.58–
4.64 (m, 3H, CH2 Bn, H-5), 4.75 (d, 1H, J=12.0 Hz, CH2 Bn), 5.21 (d,
1H, J=10.0 Hz), 7.24–7.62 ppm (m, 15H, Ar-H); 13C NMR (100 MHz,
CDCl3): d=52.4 (CH3 CO2Me), 69.4 (C-4), 72.7 (CH2 Bn), 73.4 (CH2


Bn), 74.3 (C-2), 74.9 (C-3), 75.1 (C-5), 85.1 (C-1), 127.5–132.3 (Ar-CH),
133.3 (Cq Bn), 137.7 (Cq Bn), 137.9 (Cq Bn), 169.4 ppm (COOMe);
HRMS: m/z : calcd for C27H28O6S+Na+ : 503.1499; found: 503.1488; IR
(neat): ñ=1069, 1118, 1744, 2855, 2920, 3445 cm�1.


Methyl (phenyl-2,3-O-benzyl-4-O-levulinoyl-1-thio-b-l-guluronate) (22):
A solution of Lev2O in dioxane (0.5m, 8.0 mL, 4.0 mmol) was added to a
solution of 21 (0.96 g, 2.00 mmol) in pyridine (20 mL). The reaction mix-
ture was diluted with EtOAc after 16 h and washed with 1m HCl (aq),
NaHCO3 (aq), and brine. The organic layer was dried over MgSO4 and
concentrated in vacuo. Purification by column chromatography yielded
22 as a colourless oil (1.10 g, 95%). [a]22D =�105.6 (c=1, CHCl3);
1H NMR (600 MHz, CDCl3): d=2.16 (s, 3H, CH3 Lev), 2.45–2.48 (m,
2H, CH2 Lev), 2.64–2.73 (m, 2H, CH2 Lev), 3.60 (dd, 1H, J=3.0,
10.2 Hz, H-2), 3.76 (s, 3H, CH3 CO2Me), 3.93 (t, 1H, J=3.3 Hz, H-3),
4.47–4.76 (m, 5H, CH2 Bn, H-5), 5.21 (d, 1H, J=10.2 Hz, H-1), 5.29 (dd,
1H, J=1.5, 3.9 Hz, H-4), 7.26–7.66 ppm (m, 15H, Ar-H); 13C NMR
(150 MHz, CDCl3): d=27.9 (CH2 Lev), 29.7 (CH3 Lev), 37.7 (CH2 Lev),
52.3 (CH3 CO2Me), 70.2 (C-4), 72.4 (CH2 Bn), 72.5 (C-3), 73.2 (C-5), 73.4
(CH2 Bn), 73.7 (C-2), 84.6 (C-1), 127.5–132.6 (Ar-CH), 133.4 (Cq SPh),
137.5 (Cq Bn), 137.6 (Cq Bn), 167.9 (COOMe), 171.3 (COO Lev),
206.0 ppm (CO Lev); HRMS: m/z : calcd for C32H34O8S+Na+ : 601.1867;
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found: 601.1843; IR (neat): ñ=1026, 1064, 1111, 1250, 1713, 1740,
2873 cm�1.


Phenyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-1-thio-b-l-gulopyrano-
side (23): A solution of 20 (0.869 g, 1.92 mmol) in DMF (10 mL) was
cooled to 0 8C. Respectively, imidazole (0.136 g, 2.00 mmol) and
TBDMSCl (0.301 g, 2.00 mmol) were added and the reaction mixture was
warmed to room temperature. After stirring for 4 h, the reaction mixture
was quenched with MeOH and concentrated in vacuo. The residue was
taken up in Et2O and washed three times with H2O. The organic layer
was dried over MgSO4 and concentrated in vacuo. Column chromatogra-
phy yielded 23 as a colourless oil (0.978 g, 90%). [a]22D =++32.4 (c=1,
CHCl3);


1H NMR (600 MHz, CDCl3): d=0.08 (s, 3H, CH3), 0.11 (s, 3H,
CH3), 0.91 (s, 9H, tBu), 3.79 (dd, 1H, J=3.0, 10.2 Hz, H-2), 3.82 (bs, 1H,
OH), 3.87–3.91 (m, 3H, H-3, H-5, H-6), 3.97 (dd, 1H, J=3.6, 10.8 Hz, H-
6), 4.00 (bs, 1H, H-4), 4.46 (d, 1H, J=11.4 Hz, CH2 Bn), 4.55 (d, 1H, J=


11.4 Hz, CH2 Bn), 4.57 (d, 1H, J=12.0 Hz, CH2 Bn), 4.74 (d, 1H, J=


12.0 Hz, CH2 Bn), 5.18 (d, 1H, J=10.2 Hz, H-1), 7.23–7.59 ppm (m, 15H,
Ar-H); 13C NMR (300 MHz, CDCl3): d=�5.7 (CH3), �5.5 (CH3), 18 (Cq
TBDMS), 25.8 (tBu), 65.2 (C-6), 70.8 (C-4), 72.7 (CH2 Bn), 73.5 (CH2


Bn), 73.9 (C-5), 74.7 (C-2), 75.6 (C-3), 84.6 (C-1), 127.2–132.3 (Ar-CH),
133.8 (Cq SPh), 138.1 (Cq Bn), 138.4 ppm (Cq Bn); ESI-MS: 567.3
[M+H+]; IR (neat): ñ=833, 1026, 1103, 1254, 2855, 2928, 3456 cm�1.


Phenyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-4-O-levulinoyl-1-thio-b-
l-gulopyranoside (24): A solution of Lev2O in dioxane (0.5m, 6.92 mL,
3.46 mmol) was added to a solution of 23 (0.978 g, 1.73 mmol) in pyridine
(10 mL). The reaction mixture was diluted with EtOAc after 16 h and
washed with 1m HCl (aq), NaHCO3 (aq), and brine. The organic layer
was dried over MgSO4 and concentrated in vacuo. Purification by column
chromatography yielded 24 as a colourless oil (1.08 g, 94%). [a]22D =++


35.6 (c=1, CHCl3);
1H NMR (400 MHz, CDCl3): d=�0.01 (s, 3H, CH3


TBDMS), �0.01 (s, 3H, CH3 TBDMS), 0.83 (s, 9H, tBu TBDMS), 2.13
(s, 3H, CH3 Lev), 2.45–2.48 (m, 2H, CH2 Lev), 2.64–2.67 (m, 2H, CH2


Lev), 3.55–3.60 (m, 2H, H-2, H-6), 3.68 (dd, 1H, J=6.4 Hz, 10.0 Hz, H-
6), 3.90 (t, 1H, J=3.6 Hz, H-3), 4.10 (t, 1H, J=6.8 Hz, H-5), 4.48 (d, 1H,
J=11.6 Hz, CH2 Bn), 4.56 (d, 1H, J=11.6 Hz, CH2 Bn), 4.64 (d, 1H, J=


12.0 Hz, CH2 Bn), 4.69 (d, 1H, J=12.0 Hz, CH2 Bn), 5.06 (d, 1H, J=


3.6 Hz, H-4), 5.23 (d, 1H, J=10.0 Hz, H-1), 7.18–7.54 ppm (m, 15H, Ar-
H); 13C NMR (100 MHz, CDCl3): d=�5.7 (CH3 TBDMS), �5.5 (CH3


TBDMS), 18 (Cq TBDMS), 25.7 (tBu TBDMS), 27.9 (CH2 Lev), 29.7
(CH3 Lev), 37.8 (CH2 Lev), 61.0 (C-6), 68.7 (C-4), 72.2 (CH2 Bn), 72.7
(C-3) 73.1 (CH2 Bn), 74.4, 74.5 (C-2, C-5), 84.4 (C-1), 126.9–131.2 (Ar-
CH), 134.2 (Cq SPh), 137.7 (Cq Bn), 137.8 (Cq Bn), 171.6 (COO Lev),
205.9 ppm (CO Lev); HRMS: m/z : calcd for C37H48O7SSi+H


+ :
665.29628; found: 665.29699; IR (neat): ñ=1026, 1096, 1362, 1717, 1740,
2858, 2928 cm�1.


Phenyl-2,3-di-O-benzyl-4,6-O-di-tert-butylsilylidene-1-thio-b-l-gulopyra-
noside (25): (tBu)2Si ACHTUNGTRENNUNG(OTf)2 (3.24 mL, 10.0 mmol) was added to a solution
of 6 (2.72 g, 10.0 mmol) in pyridine (100 mL) at �20 8C, after which the
reaction mixture was warmed to room temperature. The reaction mixture
was quenched with MeOH, concentrated in vacuo, taken up in EtOAc,
and washed with 1m HCl (aq), NaHCO3 (aq), and brine. The organic
layer was dried over MgSO4 and concentrated in vacuo. The residue was
dissolved in DMF (50 mL) and cooled to 0 8C. Respectively, BnBr
(2.87 mL, 24.0 mmol) and NaH (0.96 g, 24.0 mmol, 60% dispersion in oil)
were added. After stirring for 15 h, the mixture was quenched with
MeOH and concentrated in vacuo. The residue was taken up in Et2O and
washed three times with H2O. The organic layer was dried over MgSO4


and concentrated in vacuo. Column chromatography yielded 25 as a col-
ourless oil (5.20 g, 88%). [a]22D =++26.6 (c=1, CHCl3);


1H NMR
(600 MHz, CDCl3): d =1.00 (s, 9H, tBu), 1.04 (s, 9H, tBu), 3.74 (b s, 1H,
H-5), 3.87–3.89 (m, 2H, H-2, H-3), 4.11 (dd, 1H, J=2.4, 12.6 Hz, H-6),
4.15–4.18 (m, 2H, H-4, H-6), 4.59 (d, 1H, J=12.0 Hz, CH2 Bn), 4.66 (d,
1H, J=11.4 Hz, CH2 Bn), 4.75 (d, 1H, J=11.4 Hz, CH2 Bn), 4.84 (d, 1H,
J=12.0 Hz, CH2 Bn), 5.27 (d, 1H, J=9.6 Hz, H-1), 7.18–7.54 ppm (m,
15H, Ar-H); 13C NMR (150 MHz, CDCl3): d=20.4 (Cq tBu), 23.2 (Cq
tBu), 27.5 (CH3 tBu), 67.2 (C-6), 72.0 (C-4), 72.1 (C-5), 72.7 (CH2 Bn),
73.7 (CH2 Bn), 75.2 (C-2), 76.3 (C-3), 84.9 (C-1), 126.9–134.7 (Ar-CH),
134.7 (Cq SPh), 137.8 (Cq Bn), 138.4 ppm (Cq Bn); HRMS: m/z : calcd for


C34H44O5SSi+H
+ : 593.27515; found: 593.27527; IR (neat): ñ =853, 937,


1088, 1474, 2858, 2932 cm�1.


3-Azidopropyl [methyl (2,3-O-benzyl-a-l-gulopyranoside)uronate] (27):
Hydrazine (76 mL, 1.6 mmol) was added to a solution of 29 (178 g,
0.31 mmol) in pyridine/AcOH (4:1, 3.5 mL). The reaction mixture was
stirred for 10 min, diluted with EtOAc, and washed with 1m HCl, water,
and NaHCO3 (aq). The organic layer was dried over MgSO4 and concen-
trated in vacuo. Column chromatography afforded 27 as a colourless oil
(116 mg, 80%). 1H NMR (400 MHz, CDCl3): d =1.81–1.96 (m, 2H, CH2


C3H6N3), 2.39 (d, 1H, J=5.6 Hz, 4’-OH), 3.35–3.38 (m, 2H, CH2


C3H6N3), 3.47–3.53 (m, 1H, CH2 C3H6N3), 3.78 (s, 3H, CH3 CO2Me),
3.82–3.88 (m, 2H, H-2, C3H6N3), 3.90 (t, 1H, J=3.4 Hz, H-3), 4.19 (bs,
1H, H-4), 4.57–4.67 (m, 3H, CH2 Bn), 4.79 (d, 1H, J=1.2 Hz, H-5), 4.87
(d, 1H, J=12.0 Hz, CH2 Bn), 4.95 (d, 1H, J=3.6 Hz, H-1), 7.25–
7.38 ppm (m, 10H, Ar-H); 13C NMR (100 MHz, CDCl3): d=28.9 (CH2


C3H6N3), 48.2 (CH2 C3H6N3), 52.4 (CH3 CO2Me), 65.5 (CH2 C3H6N3),
67.7 (C-5), 69.8 (C-4), 71.8 (CH2 Bn), 72.9 (C-2), 73.1 (CH2 Bn), 75.4 (C-
3), 98.1 (C-1), 127.6–128.4 (Ar-CH), 137.9 (Cq Bn), 138.6 (Cq Bn),
170.5 ppm (COOMe); HRMS: m/z : calcd for C24H29N3O7+H


+ : 472.2078;
found: 472.2081; IR (neat): ñ =1034, 1088, 1450, 2095, 2870, 2924 cm�1.


3-Azidopropyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-a-l-gulopyrano-
side (28): A solution of 35 (0.576 g, 0.988 mmol) in THF (10 mL) was
cooled to 0 8C and TBAF (3 mL, 3 mmol, 1m in THF) was added. The re-
action mixture was diluted with EtOAc after 4 h and washed with water
and brine. The organic layer was dried over MgSO4 and concentrated in
vacuo. The residue was taken up in DMF (5.0 mL) was cooled to 0 8C.
Imidazole (0.073 g, 1.08 mmol) and TBDMSCl (0.162 g, 1.08 mmol) were
added and the reaction mixture was warmed to room temperature. After
stirring for 4 h, the reaction mixture was quenched with MeOH and con-
centrated in vacuo. The residue was taken up in Et2O and washed three
times with H2O. The organic layer was dried over MgSO4 and concentrat-
ed in vacuo. Column chromatography yielded 28 as a colourless oil
(0.414 g, 75%). [a]22D =�23.0 (c=1, CHCl3);


1H NMR (500 MHz, CDCl3):
d=0.09 (s, 6H, CH3 TBDMS), 0.89 (s, 9H, tBu TBDMS), 1.78–1.98 (m,
2H, CH2 C3H6N3), 3.37 (t, 2H, J=6.5 Hz, 2H, CH2 C3H6N3), 3.44–3.48
(m, 1H, CH2 C3H6N3), 3.76–3.83 (m, 2H, OH, CH2 C3H6N3), 3.86–3.87
(m, 1H, H-5), 3.91–3.92 (m, 3H, H-2, H-6, H-6), 4.03–4.05 (m, 2H, H-3,
H-4), 4.57–4.66 (m, 3H, CH2 Bn), 4.86–4.89 (m, 2H, H-1, CH2 Bn), 7.24–
7.37 ppm (m, 10H, Ar-H); 13C NMR (125 MHz, CDCl3): d=�5.7 (CH3


TBDMS), �5.6 (CH3 TBDMS), 18.1 (Cq tBu TBDMS), 25.7 (CH3 tBu
TBDMS), 28.9 (CH2 C3H6N3), 48.3 (CH2 C3H6N3), 64.5 (CH2 C3H6N3),
65.1 (C-3), 65.5 (C-6), 70.9 (C-4), 71.4 (CH2 Bn), 72.9 (CH2 Bn), 73.5 (C-
2), 75.5 (C-5), 97.9 (C-1), 127.3–128.3 (Ar-CH), 138.3 (Cq Bn), 139.0 ppm
(Cq Bn); HRMS: m/z : calcd for C29H43N3O6Si+H


+ : 558.29939; found:
558.29985; IR (neat): ñ=1042, 1107, 2095, 2858, 2928 cm�1.


Methyl-2,3,4-tri-O-benzyl-6-O-[methyl (2,3-di-O-benzyl-4-O-levulinoyl-
a,b-l-gulopyranosyl)uronate]-a-d- glucopyranoside (29): As described
for the synthesis of 13 using donor 22 (0.061 g, 0.105 mmol) and acceptor
10 (0.073 g, 0.158 mmol). Purification by size exclusion and column chro-
matography yielded 29 as a colourless oil (0.064 g, 66%, a/b =3:1). De-
termination of the a/b ratio by 1H NMR (400 MHz, CDCl3): d =3.27 (s,
3H, OMe), 3.33 (s, 0.33H, OMe), 4.99 (d, 0.33H, J=8.4 Hz, H-1’b),
5.05 ppm (bs, 1H, H-1’a); 13C NMR (100 MHz, CDCl3): d =55.0 (CH3


OMe aa), 55.0 (CH3 OMe ba), 97.9 (C-1’a), 100.6 ppm (C-1’b).


Methyl-2,3,6-tri-O-benzyl-4-O-[methyl (2,3-di-O-benzyl-4-O-levulinoyl-a-
l-gulopyranosyl)uronate]-a-d-glucopyranoside (30): As described for the
synthesis of 13 using donor 22 (0.065 g, 0.112 mmol) and acceptor 11
(0.078 g, 0.168 mmol). Purification by size exclusion and column chroma-
tography yielded 30 as a colourless oil (0.066 g, 64%). 1H NMR
(400 MHz, CDCl3): d =2.14 (s, 3H, CH3 Lev), 2.38–2.48 (m, 2H, CH2


Lev), 2.59–2.72 (m, 2H, CH2 Lev), 3.25 (s, 3H, CH3 CO2Me), 3.36 (s, 3H,
CH3 OMe), 3.57–3.58 (m, 1H, H-2), 3.63 (bs, 1H, H-2’), 3.65 (bs, 1H, H-
4), 3.88–3.91 (m, 5H, H-3, H-5, H-6, H-6, H-3’), 4.39–4.52 (m, 5H, CH2


Bn), 4.57 (bs, 1H, H-1), 4.62 (m, 3H, CH2 Bn), 5.01 (s, 1H, H-5’), 5.16
(bs, 1H, H-1’), 5.19 (s, 1H, H-4’), 7.11–7.43 ppm (m, 25H, Ar-H);
13C NMR (150 MHz, CDCl3): d =27.9 (CH2 Lev), 29.7 (CH3 Lev), 37.7
(CH2 Lev), 51.8 (CH3 CO2Me), 55.0 (CH3 OMe), 66.0 (C-5’), 68.2 (C-6),
70.2, 70.7 (C-4’), 71.2 (CH2 Bn), 71.8 (C-3’), 72.5 (C-2’), 73.8 (CH2 Bn),
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73.3 (CH2 Bn), 74.2 (CH2 Bn), 74.9, 79.7, 80.3 (C-2), 97.4 (C-1’), 97.9 (C-
1), 126.5–128.4 (Ar-CH), 137.5–139.2 (Cq arom), 168.7 (CO2Me), 171.5
(CO Lev), 206.1 ppm (COO Lev).


3-Azidopropyl [methyl(2,3-di-O-benzyl-4-O-levulinoyl-a-l-gulopyranosi-
de)uronate] (31): A solution of 22 (0.116 g, 0.20 mmol), diphenyl sulfox-
ide (0.049 g, 0.24 mmol), and tri-tert-butylpyrimidine (0.129 g, 0.52 mmol)
in CH2Cl2 (4 mL) was stirred over activated 3-Q MS for 30 min. The re-
action mixture was cooled to �60 8C before triflic acid anhydride (40 mL,
0.24 mmol) was added, then warmed to �45 8C. The reaction mixture was
stirred for 10 min at �45 8C followed by the addition of azidopropanol
(0.061 g, 0.6 mmol) in CH2Cl2 (1.5 mL). Stirring was continued and the
reaction mixture was allowed to warm to 0 8C and Et3N (0.14 mL) was
added. The reaction mixture was diluted with CH2Cl2 and washed with
NaHCO3 (aq). The aqueous layer was extracted twice with CH2Cl2. The
collected organic layers were dried over MgSO4 and concentrated in
vacuo. Purification by column chromatography yielded 31 as a colourless
oil (0.098 g, 86%, a/b=1:3). The anomers could be separated by column
chromatography; the spectral data for the a anomer are given. 1H NMR
(400 MHz, CDCl3): d=1.80–1.96 (m, 2H, C3H6N3), 2.17 (s, 3H, CH3


Lev), 2.45–2.49 (m, 2H, CH2 Lev), 2.66–2.73 (CH2 Lev), 3.33–3.37 (m,
2H, C3H6N3), 3.48–3.53 (m, 1H, C3H6N3), 3.70 (t, 1H, J=3.8 Hz, H-2),
3.71 (s, 3H, CO2Me), 3.81–3.86 (m, 1H, C3H6N3), 3.92 (t, 1H, J=3.4 Hz,
H-3), 4.52 (d, 1H, J=12.4 Hz, CH2 Bn), 4.62 (d, 1H, J=12.4 Hz, CH2


Bn), 4.72 (d, 1H, J=12.0, CH2 Bn), 4.82–4.86 (m, 2H, H-5, CH2 Bn),
4.95 (d, 1H, J=4.0 Hz, H-1), 5.32 (dd, 1H, J=1.6 Hz, 3.2 Hz, H-4), 7.26–
7.41 ppm (m, 10H, Ar-H); 13C NMR (100 MHz, CDCl3): d=28.0 (CH2


Lev), 28.9 (CH2 C3H6N3), 29.7 (CH3 Lev), 37.8 (CH2 Lev), 48.2 (CH2


C3H6N3), 52.4 (CH3 CO2Me), 65.4 (C-5), 70.8 (C-4), 71.5 (CH2 Bn), 72.5,
72.5 (C-2, C-3), 73.1 (CH2 Bn), 97.9 (C-1), 127.6–128.4 (Ar-CH), 137.8
(Cq Bn), 138.3 (Cq Bn), 169.1 (COOMe), 171.4 (COO Lev), 206.0 ppm
(CO Lev); HRMS: m/z : calcd for C29H35N3O9+H


+ : 570.2446; found:
570.2447; IR (neat): ñ =1141, 1744, 2095, 2870, 2924 cm�1.


3-Azidopropyl (methyl{2,3-di-O-benzyl-4-O-[methyl (2,3-di-O-benzyl-4-
O-levulinoyl-a-l-gulopyranosyl)uronate]-a-l-gulopyranoside}uronate]
(32): A solution of 22 (0.116 g, 0.20 mmol), diphenyl sulfoxide (0.049 g,
0.24 mmol), and tri-tert-butylpyrimidine (0.129 g, 0.52 mmol) in CH2Cl2
(4 mL) was stirred over activated 3-Q MS for 30 min. The reaction mix-
ture was cooled to �60 8C before triflic acid anhydride (40 mL,
0.24 mmol) was added, then warmed to �45 8C. The reaction mixture was
stirred for 10 min at �45 8C followed by the addition of 27 (0.078 g,
0.166 mmol) in CH2Cl2 (1.6 mL). Stirring was continued, the reaction
mixture was allowed to warm to 0 8C, and Et3N (0.14 mL) was added.
The reaction mixture was diluted with CH2Cl2 and washed with NaHCO3


(aq). The aqueous layer was extracted twice with CH2Cl2 and the collect-
ed organic layers were dried over MgSO4 and concentrated in vacuo. Pu-
rification by size exclusion and column chromatography yielded 32 as a
colourless oil (0.053 g, 34%, a/b =3:1). The anomers could be separated
by column chromatography; the spectral data for the a anomer are
given. [a]22D =�64.4 (c=1, CH2Cl2);


1H NMR (600 MHz, CDCl3): d=


1.81–1.94 (m, 2H, CH2 C3H6N3), 2.17 (s, 3H, CH3 Lev), 2.45–2.48 (m,
2H, CH2 Lev), 2.67–2.72 (m, 2H, CH2 Lev), 3.32–3.38 (m, 2H, CH2


C3H6N3), 3.52–3.55 (m, 1H, CH2 C3H6N3), 3.56 (s, 3H, CH3 CO2Me), 3.66
(t, 1H, J=3.3 Hz, H-2’), 3.70–3.72 (m, 4H, H-2, CH3 CO2Me), 3.86–3.90
(m, 3H, H-3, H-3’, CH2 C3H6N3), 4.18 (d, 1H, J=12.6 Hz, CH2 Bn), 4.27
(m, 1H, H-4), 4.30 (d, 1H, J=12.0 Hz, CH2 Bn), 4.47 (d, 1H, J=12.0 Hz,
CH2 Bn), 4.56 (d, 1H, J=12.0 Hz, CH2 Bn), 4.59–4.61 (m, 3H, H-5’, CH2


Bn), 4.78–4.81 (m, 3H, H-5, CH2 Bn), 4.97 (d, 1H, J=3.6 Hz, H-1), 5.17
(d, 1H, J=3.6 Hz, H-1’), 5.27 (dd, 1H, J=1.8, 4.2 Hz, H-4’), 7.09–
7.42 ppm (m, 20H, Ar-H); 13C NMR (150 MHz, CDCl3): d=27.9 (CH2


Lev), 28.9 (CH2 C3H6N3), 29.7 (CH3 Lev), 37.8 (CH2 Lev), 48.2 (CH2


C3H6N3), 52.1 (CH3 CO2Me), 52.4 (CH3 CO2Me), 65.3 (CH2 C3H6N3),
66.8 (C-5’), 67.1 (C-5), 70.9 (C-4’), 71.4 (CH2 Bn), 71.6 (CH2 Bn), 71.7
(C-3’), 72.8 (CH2 Bn), 73.0 (CH2 Bn), 73.1 (C-2’), 73.5 (C-2), 75.1 (C-3),
77.7 (C-4), 97.6 (C-1), 99.7 (C-1’), 127.4–128.3 (Ar-CH), 137.7 (Cq Bn),
137.9 (Cq Bn), 138.5 (Cq Bn), 138.6 (Cq Bn), 168.5, 169.9, 171.4 (COOMe,
COO Lev), 206.10 ppm (CO Lev); HRMS: m/z : calcd for C50H57N3O15+


Na+ : 962.36955; found: 962.36819; IR (neat): ñ=1038, 1142, 1454, 1744,
2095, 2870, 2924 cm�1.


3-Azidopropyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-4-O-levulinoyl-
a,b-l-gulopyranoside (33): A solution of donor 24 (0.133 g, 0.2 mmol), di-
phenyl sulfoxide (0.045 g, 0.22 mmol), and tri-tert-butylpyrimidine
(0.124 g, 0.5 mmol) in CH2Cl2 (4 mL) was stirred over activated 3-Q MS
for 30 min. The reaction mixture was cooled to �70 8C before triflic acid
anhydride (37 mL, 0.22 mmol) was added. The reaction mixture was
stirred for 10 min at �70 8C followed by the addition of azidopropanol
(0.061 g, 0.6 mmol) in CH2Cl2 (1.5 mL). Stirring was continued, the reac-
tion mixture was allowed to warm to 0 8C, and Et3N (0.15 mL) was
added. The reaction mixture was diluted with CH2Cl2 and washed with
NaHCO3 (aq). The aqueous layer was extracted twice with CH2Cl2, and
the collected organic layers were dried over MgSO4 and concentrated in
vacuo. Purification by column chromatography yielded 33 as a colourless
oil (0.098 g, 86%, a/b=3:1). The anomers could not be separated by
column chromatography. 1H NMR (600 MHz, CDCl3): d =�0.01–0.01 (m,
7.8H, CH3 TBDMS), 0.83 (s, 9H, tBu TBDMS), 0.84 (s, 3H, tBu
TBDMS), 1.78–1.93 (m, 2.6H, CH2 C3H6N3), 2.13 (s, 1H, CH3 Lev), 2.14
(s, 3H, CH3 Lev), 2.47–2.49 (m, 2.6H, CH2 Lev), 2.61–2.73 (m, 2.6H,
CH2 Lev), 3.32–3.40 (m, 4H), 3.43–3.47 (m, 1.3H, CH2 C3H6N3), 3.51 (dd,
1H, J=6.6 Hz, 9.6 Hz), 3.57–3.62 (m, 2.9H), 3.65–3.70 (m, 1.6H), 3.77–
3.81 (m, 1H, CH2 C3H6N3), 3.84–3.87 (m, 1.3H), 3.93–3.96 (m, 0.3H, CH2


C3H6N3), 4.06 (t, 0.3H, J=6.6 Hz), 4.24 (t, 1H, J=7.2 Hz), 4.50–4.79 (m,
7.1H, H-1 a, CH2 Bn), 4.81 (d, 0.3H, J=7.8 Hz, H-1 b), 5.01 (d, 0.3H,
J=1.6 Hz, H-4), 5.06 (d, 1H, J=1.6 Hz, H-4), 7.23–7.62 ppm (m, 13H,
Ar-H); 13C NMR (150 MHz, CDCl3): d=�5.6 (CH3 TBDMS), �5.5 (CH3


TBDMS), 18.2 (Cq TBDMS), 25.8 (tBu TBDMS), 26.7, 26.8, 28.0, 29.0,
29.3, 29.8, 31.5, 37.9, 48.5, 59.8, 60.9, 61.4, 64.8, 66.0, 66.5, 68.7, 69.2, 71.2,
72.2, 72.6, 72.9, 73.0, 73.3, 74.7, 76.2, 97.4 (C-1a), 100.9 (C-1 b), 124.8–
135.6 (Ar-CH), 138.1 (Cq Bn), 138.1 (Cq Bn), 138.6 (Cq Bn), 138.6 (Cq
Bn), 171.8 (COO lev), 171.9 (COO lev), 206.1 (CO Lev), 206.2 ppm (CO
Lev); HRMS: m/z : calcd for C34H49N3O8Si+Na


+ : 678.31811; found:
678.31810; IR (neat): ñ=1026, 1096, 1717, 1740, 2095, 2858, 2928 cm�1.


3-Azidopropyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-4-O-(2,3-O-
benzyl-6-O-tert-butyldimethylsilyl-4-O-levulinoyl-a-l-gulopyranosyl)-a-l-
gulopyranoside (34): A solution of donor 24 (0.133 g, 0.2 mmol), diphenyl
sulfoxide (0.045 g, 0.22 mmol), and tri-tert-butylpyrimidine (0.124 g,
0.5 mmol) in CH2Cl2 (4 mL) was stirred over activated 3-Q MS for
30 min. The reaction mixture was cooled to �70 8C before triflic acid an-
hydride (37 mL, 0.22 mmol) was added. The reaction mixture was stirred
for 10 min at �70 8C followed by the addition of acceptor 28 (0.093 g,
0.166 mmol) in CH2Cl2 (1.6 mL). Stirring was continued, the reaction
mixture was allowed to warm to 0 8C, and Et3N (0.15 mL) was added.
The reaction mixture was diluted with CH2Cl2 and washed with NaHCO3


(aq). The aqueous layer was extracted twice with CH2Cl2, and the collect-
ed organic layers were dried over MgSO4 and concentrated in vacuo. Pu-
rification by size exclusion and column chromatography yielded 34 as a
colourless oil (48%, 0.089 g, a/b =6:1). The anomers could be separated
by column chromatography; the spectral data for the a anomer are given.
[a]22D =�88.0 (c=0.1, CHCl3);


1H NMR (400 MHz, CDCl3): d=�0.03 (s,
3H, CH3 TBDMS), �0.01 (s, 3H, CH3 TBDMS), 0.00 (s, 3H, CH3


TBDMS), 0.01 (s, 3H, CH3 TBDMS), 0.83 (s, 9H, tBu TBDMS), 0.87 (s,
9H, tBu TBDMS), 1.83–1.92 (m, 2H, CH2 C3H6N3), 2.18 (s, 3H, CH3


Lev), 2.45–2.53 (m, 2H, CH2 Lev), 2.67–2.73 (CH2 Lev), 3.34–3.38 (m,
2H, CH2 C3H6N3), 3.42–3.53 (m, 3H, H-6, H-6, CH2 C3H6N3), 3.60 (t,
1H, J=3.6 Hz, H-2’), 3.70–3.82 (m, 3H, H-2, H-6’, CH2 C3H6N3), 3.88–
3.99 (m, 4H, H-3, H-4, H-3’, H-6’), 4.13 (t, J=7.2 Hz, H-5’), 4.19 (t, J=


6.8 Hz, H-5), 4.23 (d, 1H, J=12.4 Hz, CH2 Bn), 4.30 (d, 1H, J=12.4 Hz,
CH2 Bn), 4.53 (d, 1H, J=12.4 Hz, CH2 Bn), 4.59 (d, 1H, J=11.6 Hz,
CH2 Bn), 4.64–4.677 (m, 2H, CH2 Bn), 4.87 (d, 1H, J=3.6 Hz, H-1), 4.81
(d, 1H, J=11.6 Hz, CH2 Bn), 4.86 (d, 1H, J=12.4 Hz, CH2 Bn), 5.07–
5.09 (m, 2H, H-1’, H-4’), 7.16–7.38 ppm (m, 20H, Ar-H); 13C NMR
(100 MHz, CDCl3): d=�5.5 (CH3 TBDMS), �5.4 (CH3 TBDMS), �5.3
(CH3 TBDMS), 18.1 (Cq tBu TBDMS), 18.3 (Cq tBu TBDMS), 25.9 (tBu
TBDMS), 28.1 (CH2 Lev), 29.2 (CH2 C3H6N3), 29.8 (CH3 Lev), 37.9 (CH2


Lev), 48.6 (CH2 C3H6N3), 61.0, 61.1 (C-6, C-6’), 64.8 (CH2 C3H6N3), 66.2
(C-5), 67.0 (C-5’), 69.8 (C-4’), 71.1 (CH2 Bn), 71.2 (CH2 Bn), 72.0 (C-3’),
72.5 (CH2 Bn), 72.8 (CH2 Bn), 74.3 (C-2’), 74.3 (C-2), 74.7 (C-3), 75.8 (C-
4), 97.5 (C-1), 99.6 (C-1’), 127.2–128.4 (Ar-CH), 138.2 (Cq Bn) , 138.3 (Cq
Bn) , 139.1 (Cq Bn) , 139.2 (Cq Bn), 171.8 (COO Lev), 206.1 ppm (CO
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Lev); HRMS: m/z : calcd for C60H85N3O13Si2+Na
+ : 1134.55131; found:


1134.55163; IR (neat): ñ=1003, 1092, 1454, 1744, 2095, 2858, 2928 cm�1.


3-Azidopropyl-2,3-di-O-benzyl-4,6-O-benzylidene-a,b-l-gulopyranoside
(35): As described for the synthesis of 33 using donor 19 (0.108 g,
0.20 mmol). Purification by column chromatography yielded 35 as a col-
ourless oil (0.094 g, 88%, a/b=3:1). The anomers could not be separated
by column chromatography. 1H NMR (400 MHz, CDCl3): d=1.84–1.96
(m, 2.6H, CH2 C3H6N3), 3.36–3.39 (m, 2.6H, CH2 C3H6N3), 3.45–3.50 (m,
1H, CH2 C3H6N3), 3.60–3.66 (m, 0.3H, CH2 C3H6N3), 3.72 (dd, 0.3H, J=


2.8, 8.0 Hz, H-2 b), 3.77 (s, 0.3H), 3.82–3.88 (m, 1H, CH2 C3H6N3), 3.91–
3.97 (m, 3.6H), 4.00–4.05 (m, 2H), 4.10 (d, 1H, J=2.4 Hz), 4.23 (d, 1H,
J=12.4 Hz, CH2 Bn), 4.28 (d, 0.3H, J=12.4 Hz, CH2 Bn), 4.57–4.69 (m,
3.9H, CH2 Bn), 4.83–4.88 (m, 0.6H, CH2 Bn), 4.92 (d, 1H, J=12.0 Hz,
CH2 Bn), 4.94 (d, 0.3H, J=8.4 Hz, H-1 b), 4.98 (d, 1H, J=4.0 Hz, H-1
a), 5.48 (s, 0.3H, CH benzylidene), 5.50 (s, 1H, CH benzylidene), 7.23–
7.65 ppm (m, 19.5H, Ar-H); 13C NMR (100 MHz, CDCl3): d =29.0 (CH2


C3H6N3), 29.3 (CH2 C3H6N3), 48.3 (CH2 C3H6N3), 48.4 (CH2 C3H6N3),
59.8, 64.7, 65.5, 66.2, 69.4, 69.7, 71.6, 73.2, 73.5, 73.7, 73.9, 74.2, 75.3, 75.6,
76.4, 76.6, 97.8 (C-1 a), 100.7 (C-1 b), 101.0 (CHPh), 124.7–131.0 (Ar-
CH), 137.7 (Cq Bn), 138.1 (Cq Bn), 138.8 ppm (Cq Bn); HRMS: m/z :
calcd for C30H33N3O6+H


+ : 532.24212; found: 532.24421; IR (neat): ñ=


1088, 1109, 2095, 2874 cm�1.


3-Azidopropyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-4-O-(2,3-di-O-
benzyl-4,6-O-benzylidene-a-l-gulopyranosyl)-a-l-gulopyranoside (36):
As described for the synthesis of 34 using donor 19 (0.108 g, 0.20 mmol).
Purification by size exclusion and column chromatography yielded 36 as
a colourless oil (45%, 0.074 g, a/b=6:1). The anomers could be separat-
ed by column chromatography; the spectral data for the a anomer are
given. [a]22D =�78.0 (c=0.5, CHCl3);


1H NMR (400 MHz, CDCl3): d=


�0.04 (s, 3H, CH3 TBDMS), 0.01 (s, 3H, CH3 TBDMS), 0.86 (s, 9H, tBu
TBDMS), 1.86–2.01 (m, 2H, CH2 C3H6N3), 3.11 (bs, 1H, H-4’), 3.35–3.44
(m, 2H, CH2 C3H6N3), 3.55–3.58 (m, 1H, CH2 C3H6N3), 3.63 (t, 1H, J=


3.6 Hz, H-3’), 3.69–3.76 (m, 4H, H-2, H-6, H-6’, H-6’), 3.84–3.95 (m, 4H,
H-3, H-2’, H-5’, CH2 C3H6N3), 3.95–3.99 (m, 2H, H-4, H-6), 4.13 (d, 1H,
J=7.2 Hz, H-5), 4.45 (d, 1H, J=12.8 Hz, CH2 Bn), 4.54 (d, 1H, J=


12.0 Hz, CH2 Bn), 4.59 (d, 1H, J=10.8 Hz, CH2 Bn), 4.67–4.76 (m, 3H,
CH2 Bn), 4.91 (d, 1H, J=3.6 Hz, H-1), 5.00 (d, 1H, J=11.2 Hz, CH2


Bn), 5.19 (d, 1H, J=3.6 Hz, H-1’), 5.02 (d, 1H, J=10.8 Hz, CH2 Bn),
5.45 (s, 1H, CH benzylidene), 6.94–7.48 ppm (m, 25H, Ar-H); 13C NMR
(100 MHz, CDCl3): d=�5.4 (CH3 TBDMS), �5.3 (CH3 TBDMS), 18.2
(Cq tBu TBDMS), 25.8 (tBu TBDMS), 29.2 (CH2 C3H6N3), 48.6 (CH2


C3H6N3), 60.1 (C-4’), 61.1 (C-6), 64.8 (CH2 C3H6N3), 66.8 (C-5), 69.5 (C-
6’), 71.5 (CH2 Bn), 71.5 (CH2 Bn), 72.2 (CH2 Bn), 73.3 (CH2 Bn), 73.4
(C-2), 73.8 (C-4), 75.1 (C-3), 75.3 (C-5’), 75.5 (C-3’), 76.1 (C-2’), 97.0 (C-
1), 99.9 (C-1’), 100.9 (CH benzylidene), 126.2–129.1 (Ar-CH), 137.7–
139.5 ppm (Cq arom); HRMS: m/z : calcd for C56H69N3O11Si+Na


+ :
1010.45936; found: 1010.46006; IR (neat): ñ =1088, 1109, 2095,
2874 cm�1.


3-Azidopropyl-2,3-di-O-benzyl-4,6-O-di-tert-butylsilylidene-a-l-gulopyra-
noside (37): As described for the synthesis of 33 using donor 25 (0.118 g,
0.20 mmol). Purification by column chromatography yielded 37 as a col-
ourless oil (0.088 g, 75%, a/b=5:1). The anomers could be separated by
column chromatography; the spectral data for the a anomer are given.
[a]22D =�57.6 (c=1, CHCl3);


1H NMR (400 MHz, CDCl3): d =0.91 (s, 9H,
tBu), 0.98 (s, 9H, tBu), 1.82–1.85 (m, 1H, CH2 C3H6N3), 1.91–1.94 (m,
1H, CH2 C3H6N3), 3.37 (t, 2H, J=6.8 Hz, CH2 C3H6N3), 3.44–3.49 (m,
1H, CH2 C3H6N3), 3.78–82 (m, 1H, CH2 C3H6N3), 3.83–3.88 (m, 2H, H-2,
H-3), 3.93 (bs, 1H, H-5), 4.09 (dd, 1H, J=1.6, 12.4 Hz, H-6), 4.18–4.19
(m, 2H, H-4, H-6), 4.58–4.62 (m, 2H, CH2 Bn), 4.67 (d, 1H, J=12.4 Hz,
CH2 Bn), 4.80 (d, 1H, J=3.6 Hz, H-1), 4.96 (d, 1H, J=12.0 Hz, CH2


Bn), 7.26–7.39 ppm (m, 10H, Ar-H); 13C NMR (100 MHz, CDCl3): d=


20.4 (Cq tBu), 23.3 (Cq tBu), 27.2 (CH3 tBu), 27.6 (CH3 tBu), 29.0 (CH2


C3H6N3), 48.4 (CH2 C3H6N3), 64.1 (C-5), 64.6 (CH2 C3H6N3), 67.2 (C-6),
71.3 (CH2 Bn), 72.4 (C-4), 72.6 (C-2), 73.3 (CH2 Bn), 76.1 (C-3), 97.8 (C-
1), 127.5–128.4 (Ar-CH), 138.0 (Cq Bn), 139.1 ppm (Cq Bn); HRMS: m/z :
calcd for C31H45N3O6Si+H


+ : 584.31504; found: 584.31479; IR (neat): ñ=


1089, 1138, 2095, 2858, 2931 cm�1.


3-Azidopropyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-4-O-(2,3-di-O-
benzyl-4,6-O-di-tert-butylsilylidene-a-l-gulopyranosyl)-a-l-gulopyrano-
side (38): Compound 38 was synthesised by two pathways: 1) As de-
scribed for the synthesis of 34 using donor 25 (0.118 g, 0.20 mmol). Purifi-
cation by size exclusion and column chromatography yielded 38 as a col-
ourless oil (0.083 g, 48%, a/b=10:1). 2) A solution of hemiacetal 39
(0.235 g, 0.47 mmol), diphenyl sulfoxide (0.237 g, 1.17 mmol), and tri-tert-
butylpyrimidine (0.233 g, 0.939 mmol) in CH2Cl2 (10 mL) was stirred
over activated 3-Q MS for 30 min. The reaction mixture was cooled to
�60 8C before triflic acid anhydride (83 mL, 0.493 mmol) was added. The
reaction mixture was warmed to �40 8C and stirred for 1 h followed by
the addition of acceptor 28 (0.131 g, 0.234 mmol) in CH2Cl2 (2.5 mL).
Stirring was continued and the reaction mixture was allowed to warm to
room temperature, after which Et3N (5 equiv) was added. The reaction
mixture was diluted with CH2Cl2 and washed with NaHCO3 (aq). The
aqueous layer was extracted twice with CH2Cl2, and the collected organic
layers were dried over MgSO4 and concentrated in vacuo. Purification by
size exclusion and column chromatography yielded 38 as a colourless oil
(0.205 g, 84%, a/b=10:1). The anomers could be separated by column
chromatography; the spectral data for the a anomer are given. [a]22D =


�75.0 (c=1, CHCl3);
1H NMR (400 MHz, CDCl3): d=�0.03 (s, 3H, CH3


TBDMS), 0.01 (s, 3H, CH3 TBDMS), 0.86 (s, 9H, tBu silylidene), 0.91 (s,
9H, tBu silylidene), 1.03 (s, 9H, tBu TBDMS), 1.84–1.97 (m, 2H, CH2


C3H6N3), 3.29–3.40 (m, 3H, H-4’, CH2 C3H6N3), 3.50–3.52 (m, 1H, CH2


C3H6N3), 3.60 (t, 1H, J=3.6 Hz, H-3), 3.67 (t, 1H, J=3.6 Hz, H-2), 3.71
(dd, 1H, J=1.2, 12.4 Hz, H-6’), 3.76–3.81 (m, 3H, H-4, H-6, H-5’), 3.82–
3.86 (m, 3H, H-2’, H-6’, CH2 C3H6N3), 3.89–3.95 (m, 2H, H-6, CH2 Bn),
4.09–4.13 (m, 2H, H-5, H-3’), 4.37 (d, 1H, J=12.4 Hz, CH2 Bn), 4.55–
4.59 (m, 2H, CH2 Bn), 4.69 (d, 1H, J=12.0 Hz, CH2 Bn), 4.77 (d, 1H,
J=12.0 Hz, CH2 Bn), 4.87 (d, 1H, J=3.6 Hz, H-1) 4.98 (d, 1H, J=


3.6 Hz, H-1’), 5.02 (d, 1H, J=10.8 Hz, CH2 Bn), 6.96–7.48 ppm (m, 20H,
Ar-H); 13C NMR (100 MHz, CDCl3): d=�5.4 (CH3 TBDMS), �5.3 (CH3


TBDMS), 18.2 (Cq tBu TBDMS), 20.4 (Cq tBu silylidene), 23.3 (Cq tBu si-
lylidene), 25.9 (tBu TBDMS), 27.2 (CH3 tBu silylidene), 27.6 (CH3 tBu si-
lylidene), 29.2 (CH2 C3H6N3), 48.6 (CH2 C3H6N3), 61.4 (C-6), 64.5 (C-4’),
64.7 (CH2 C3H6N3), 66.9 (C-6’), 67.1 (C-5), 71.2 (CH2 Bn), 71.5 (CH2 Bn),
72.9 (CH2 Bn), 73.1 (C-3’), 73.2 (CH2 Bn), 73.8 (C-2’), 73.9 (C-2), 75.5
(C-4), 75.6 (C-5’), 76.1 (C-3), 97.0 (C-1), 99.7 (C-1’), 127.3–128.5 (Ar-
CH), 138.1 (Cq Bn), 138.5 (Cq Bn), 139.0 (Cq Bn), 139.7 ppm (Cq Bn);
HRMS: m/z : calcd for C57H81N3O11Si2+Na


+ : 1062.53018; found:
1062.53082; IR (neat): ñ=1084, 1138, 1454, 1474, 2095, 2859, 2932 cm�1.


2,3-Di-O-benzyl-4,6-O-di-tert-butylsilylidene-a,b-l-gulopyranoside (39):
NIS (0.243 g, 1.08 mmol) and TFA (83 mL, 1.08 mmol) were added to a
solution of 25 (0.638 g, 1.08 mmol) in CH2Cl2 (10 mL) at 0 8C. After anal-
ysis by TLC showed complete consumption of the starting material, the
reaction was quenched with Et3N. Saturated Na2S2O3 (aq) was added to
the reaction mixture, which was then stirred for 30 min. The aqueous
layer was extracted twice with CH2Cl2, and the combined organic layers
were dried over MgSO4 and concentrated in vacuo. Purification by
column chromatography yielded 39 as a colourless oil (0.514 g, 95%, a/
b=3:1). 1H NMR (400 MHz, CDCl3): d=0.91 (s, 3H, tBu), 0.99 (s, 9H,
tBu), 3.48 (d, 0.3H, J=5.2 Hz, OH b), 3.65 (dd, 0.3H, J=2.8, 8.0 Hz, H-2
b), 3.80 (b s, 0.3H), 3.88–3.89 (m, 1H, H-2 a), 3.98 (m, 1.3H), 4.13–4.23
(m, 3H), 4.57–4.71 (m, 2.6H, CH2 Bn), 4.80 (d, 0.3H, J=12.0 Hz, CH2


Bn), 4.85 (d, 1H, J=11.6 Hz, CH2 Bn), 5.16 (dd, 0.3H, J=5.2, 2.6 Hz, H-
1 b), 5.22 (m, 1H, H-1 a), 7.21–7.37 ppm (m, 10.6H, Ar-H); 13C NMR
(100 MHz, CDCl3): d=20.3 (Cq tBu), 20.4 (Cq tBu), 23.2 (Cq tBu), 27.1
(CH3 tBu), 27.3 (CH3 tBu), 27.4 (CH3 tBu), 27.8 (CH3 tBu), 62.3, 67.0,
67.1, 70.2, 70.5, 70.6, 71.6, 72.0, 72.7, 73.6, 74.6, 76.9, 77.6, 78.2, 92.9, 94.8
(C-1, a/b), 127.5–128.5 (Ar-CH), 137.2 (Cq Bn), 137.5 (Cq Bn), 138.3 (Cq
Bn), 138.5 ppm (Cq Bn); HRMS: m/z : calcd for C28H40O6Si+H


+ :
501.26669; found: 501.26671; IR (neat): ñ=826, 1045, 1084, 1138, 1474,
1736, 2858, 2932, 3472 cm�1.


3-Azidopropyl-2,3-O-benzyl-4-O-(2,3-O-benzyl-a-l-gulopyranosyl)-a-l-
gulopyranoside (40): A solution of 38 (0.233 g, 0.244 mmol) in THF
(2.5 mL) was cooled to 0 8C and TBAF (0.74 mL, 0.74 mmol, 1m in
THF) was added. The reaction mixture was diluted with EtOAc after 4 h,
and washed with water and brine. The organic layer was dried over
MgSO4 and concentrated in vacuo. Purification by column chromatogra-
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phy yielded 40 as a colourless oil (0.153 g, 87%). [a]22D =�73.2 (c=1,
CHCl3);


1H NMR (400 MHz, CDCl3): d=1.81–2.01 (m, 2H, CH2


C3H6N3), 3.37–3.43 (m, 3H, H-6, CH2 C3H6N3), 3.49–3.54 (m, 1H, CH2


C3H6N3), 3.58 (dd, 1H, J=2.8, 12 Hz, H-6), 3.70 (bs, 1H, OH), 3.77–3.77
(m, 5H), 3.83–3.88 (m, 5H), 4.12 (bs, 1H), 4.18 (d, 1H, J=12.6 Hz, CH2


Bn), 4.27 (m, 1H, H-4), 4.33 (d, 1H, J=12.0 Hz, CH2 Bn), 4.37 (d, 1H,
J=12.4 Hz, CH2 Bn), 4.43 (d, 1H, J=12.0 Hz, CH2 Bn), 4.54–4.61 (m,
3H, CH2 Bn), 4.65 (d, 1H, J=12.0 Hz, CH2 Bn), 4.80 (d, 1H, J=2.4 Hz,
H-1), 4.85 (d, 1H, J=12.0 Hz, CH2 Bn), 4.98 (d, 1H, J=3.6 Hz, H-1’),
7.17–7.41 ppm (m, 20H, Ar-H); 13C NMR (100 MHz, CDCl3): d=29.0
(CH2 C3H6N3), 48.4 (CH2 C3H6N3), 62.6, 64.3 (C-6, C-6’), 64.8 (CH2


C3H6N3), 65.8, 65.9, 70.8, 71.3, 71.4, 72.7, 72.7, 72.9, 73.3, 73.6, 74.6, 80.4,
97.1 (C-1), 99.8 (C-1’), 127.3–129.1 (Ar-CH), 137.4 (Cq Bn), 138.2 (Cq
Bn), 138.3 (Cq Bn), 138.7 ppm (Cq Bn); ESI-MS: m/z : 786.4 [M+H+];
IR (neat): ñ =1069, 1109, 1454, 2095, 2878 cm�1.


3-Azidopropyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-4-O-(2,3-O-
benzyl-6-O-tert-butyldimethylsilyl-a-l-gulopyranosyl)-a-l-gulopyranoside
(41): A solution of 40 (0.278 g, 0.35 mmol) in DMF (5 mL) was cooled to
0 8C. Imidazole (0.049 g, 0.725 mmol) and TBDMSCl (0.109 g,
0.725 mmol) were added respectively and the reaction mixture was
warmed to room temperature. After stirring for 4 h, the reaction mixture
was quenched with MeOH and concentrated in vacuo. The residue was
taken up in Et2O and washed three times with H2O. The organic layer
was dried over MgSO4 and concentrated in vacuo. Column chromatogra-
phy yielded 41 as a colourless oil (0.273 g, 78%). [a]22D =�60.2 (c=1,
CHCl3);


1H NMR (400 MHz, CDCl3): d=�0.01 (s, 3H, CH3), 0.02 (s,
3H, CH3), 0.11 (s, 3H, CH3), 0.12 (s, 3H, CH3), 0.89 (s, 9H, tBu), 0.93 (s,
9H, tBu), 1.88–1.99 (m, 2H, CH2 C3H6N3), 3.32–3.46 (m, 2H, CH2


C3H6N3), 3.53–3.57 (m, 1H, CH2 C3H6N3), 3.60–3.66 (m, 3H, H-5’, H-6’,
H-6’), 3.70 (t, 1H, J=3.2 Hz, H-3), 3.74–3.78 (m, 2H, H-2, H-6), 3.83–
3.87 (m, 1H, CH2 C3H6N3), 3.88–4.04 (m, 5H, H-4, H-6, H-2’, H-4’, CH2


Bn), 4.09 (s, 1H, H-3’), 4.16 (t, 1H, J=6.8 Hz, H-5), 4.42 (d, 1H, J=


12.4 Hz, CH2 Bn), 4.58–4.62 (m, 2H, CH2 Bn), 4.65 (d, 1H, J=12.0 Hz,
CH2 Bn), 4.73 (d, 1H, J=12.0 Hz, CH2 Bn), 4.80 (d, 1H, J=12.0 Hz,
CH2 Bn), 4.87 (d, 1H, J=3.6 Hz, H-1), 5.00 (d, 1H, J=11.2 Hz, CH2


Bn), 5.15 (d, 1H, J=3.6 Hz, H-1’), 7.04–7.49 ppm (m, 20H, Ar-H);
13C NMR (100 MHz, CDCl3): d=�5.6 (CH3), �5.5 (CH3), �5.4 (CH3),
18.0 (Cq tBu), 18.2 (Cq tBu), 25.8 (tBu), 29.1 (CH2 C3H6N3), 48.5 (CH2


C3H6N3), 61.1 (C-6), 64.6 (CH2 C3H6N3), 65.3 (C-5’), 65.6 (C-6’), 67.0 (C-
5), 71.4 (CH2 Bn), 71.5 (CH2 Bn), 72.5 (CH2 Bn), 73.1 (CH2 Bn), 72.1,
74.1, 74.9, 75.1, 75.2 (C-2, C-4, C-2’, C-3’, C-4’), 76.1 (C-3), 97.0 (C-1),
99.9 (C-1’), 127.0–128.3 (Ar-CH), 138.4 (Cq Bn), 138.5 (Cq Bn), 139.0 (Cq
Bn), 139.6 ppm (Cq Bn); HRMS: m/z : calcd for C55H79N3O11Si2+Na


+ :
1036.51453; found: 1036.51517; IR (neat): ñ =1003, 1092, 1454, 2095,
2858, 2928 cm�1.


3-Azidopropyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-4-O-[2,3-O-
benzyl-6-O-tert-butyldimethylsilyl-4-O-(2,3-di-O-benzyl-4,6-O-di-tert-bu-
tylsilylidene-a-l-gulopyranosyl)-a-l-gulopyranosyl]-a-l-gulopyranoside
(42): A solution of 39 (0.162 g, 0.324 mmol), diphenyl sulfoxide (0.164 g,
0.81 mmol), and tri-tert-butylpyrimidine (0.504 g, 0.125 mmol) in CH2Cl2
(6 mL) was stirred over activated 3-Q MS for 30 min. The reaction mix-
ture was cooled to �60 8C before triflic acid anhydride (57 mL,
0.340 mmol) was added. The reaction mixture was allowed to warm to
�40 8C and stirred for 1 h followed by the addition of acceptor 41
(0.164 g, 0.162 mmol) in CH2Cl2 (1.6 mL). Stirring was continued, the re-
action mixture was allowed to warm to 10 8C, and Et3N (0.1 mL) was
added. The reaction mixture was diluted with CH2Cl2 and washed with
NaHCO3 (aq). The aqueous layer was extracted twice with CH2Cl2, and
the collected organic layers were dried over MgSO4 and concentrated in
vacuo. Purification by column chromatography yielded 42 as a colourless
oil (0.102 g, 42%). [a]22D =�75.8 (c=1, CHCl3);


1H NMR (400 MHz,
CDCl3): d =�0.02 (s, 3H, CH3), �0.01 (s, 3H, CH3), 0.01 (s, 3H, CH3),
0.06 (s, 3H, CH3), 0.87 (s, 9H, tBu), 0.93 (s, 9H, tBu), 0.96 (s, 9H, tBu),
1.08 (s, 9H, tBu), 1.88–1.93 (m, 2H, CH2 C3H6N3), 3.32–3.37 (m, 2H, CH2


C3H6N3), 3.39–3.45 (m, 2H), 3.69–3.86 (m, 8H), 3.89–3.98 (m, 7H), 4.03
(t, 1H, J=9.6 Hz), 4.09–4.20 (m, 5H), 4.28 (d, 1H, J=12.4 Hz, CH2 Bn),
4.45 (d, 1H, J=12.4 Hz, CH2 Bn), 4.59–4.66 (m, 3H, CH2 Bn), 4.70 (d,
1H, J=4.0 Hz, H-1), 4.73 (d, 1H, J=12.0 Hz, CH2 Bn), 4.79 (d, 1H, J=


12.4 Hz, CH2 Bn), 4.96 (d, 1H, J=12.0 Hz, CH2 Bn), 5.03 (d, 1H, J=


12.0 Hz, CH2 Bn), 5.08 (d, 1H, J=11.2 Hz, CH2 Bn), 5.11 (d, 1H, J=


2.8 Hz) , 5.16 (d, 1H, J=2.4 Hz) (H-1’, H-1’’), 6.97–7.55 ppm (m, 30H,
Ar-H); 13C NMR (100 MHz, CDCl3): d=�5.4 (CH3), �5.3 (CH3), �5.2
(CH3), 18.1 (Cq tBu), 18.2 (Cq tBu), 20.3 (Cq tBu), 23.3 (Cq tBu), 25.9
(tBu), 25.9 (tBu), 27.2 (CH3 tBu), 27.6 (CH3 tBu), 29.1 (CH2 C3H6N3),
48.5 (CH2 C3H6N3), 61.0, 61.3 (C-6, C-6’), 64.5 (4’’), 64.6 (CH2 C3H6N3),
66.8 (C-6’’), 67.6 (C-5, C-5’), 71.0 (CH2 Bn), 71.1 (CH2 Bn), 71.1 (CH2


Bn), 72.5 (CH2 Bn), 72.9 (CH2 Bn), 73.3 (CH2 Bn), 73.0, 73.6, 74.9, 75.1,
75.4, 75.7, 75.8, 76.2, 97.2 (C-1), 99.3, 99.7 (C-1’, C-1’’), 127.0–128.4 (Ar-
CH), 138.0 (Cq Bn), 138.4 (Cq Bn), 138.6 (Cq Bn), 139.5 (Cq Bn), 139.6
(Cq Bn), 138.7 ppm (Cq Bn); HRMS: m/z : calcd for C83H117N3O16Si3+
Na+ : 1518.76338; found: 1518.76503; IR (neat): ñ=1084, 1138, 1454,
1474, 2095, 2859, 2932 cm�1.


3-Azidopropyl-2,3-O-benzyl-4-O-[2,3-O-benzyl-4-O-(2,3-O-benzyl-a-l-
gulopyranosyl)-a-l-gulopyranosyl]-a-l-gulopyranoside (43): A solution
of 42 (0.094 g, 0.063 mmol) in THF (2 mL) was cooled to 0 8C and TBAF
(0.28 mL, 0.28 mmol, 1m in THF) was added. The reaction mixture was
diluted with EtOAc after 4 h, and washed with water and brine. The or-
ganic layer was dried over MgSO4 and concentrated in vacuo. Purifica-
tion by column chromatography yielded 43 as a colourless oil (0.067 g,
83%). 1H NMR (400 MHz, CDCl3): d 1.88–1.96 (m, 2H, CH2 C3H6N3),
3.34–3.39 (m, 3H), 3.47–3.59 (m, 4H), 3.64–3.67 (m, 4H), 3.73–3.79 (m,
4H), 3.82–3.87 (m, 7H), 3.97 (bs, 1H), 4.05 (bs, 1H), 4.14 (b s, 1H), 4.23
(d, 1H, J=12.4 Hz, CH2 Bn), 4.32 (d, 1H, J=11.6 Hz, CH2 Bn), 4.34 (d,
1H, J=10.8 Hz, CH2 Bn), 4.43 (d, 1H, J=12.0 Hz, CH2 Bn), 4.49 (d, 1H,
J=12.4 Hz, CH2 Bn), 4.55 (d, 1H, J=12.4 Hz, CH2 Bn), 4.57–4.68 (m,
5H, CH2 Bn), 4.70 (d, 1H, J=3.2 Hz, H-1), 4.91 (d, 1H, J=12.0 Hz, CH2


Bn), 4.95 (d, 1H, J=3.6 Hz), 4.97 (d, 1H, J=3.6 Hz, H-1’, H-1’’), 7.10–
7.42 ppm (m, 30H, Ar-H); 13C NMR (100 MHz, CDCl3): d=29.1 (CH2


C3H6N3), 48.4 (CH2 C3H6N3), 62.5, 62.8, 64.2, 64.7, 65.7, 66.0, 66.5, 70.7,
71.2, 71.3, 71.5, 72.1, 72.6, 72.7, 72.7, 73.1, 73.2, 73.3, 74.0, 74.8, 79.7, 80.9,
97.3, 99.2, 99.9 (C-1, C-1’, C-1’’), 127.4–128.5 (Ar-CH), 137.4 (Cq Bn),
137.6 (Cq Bn), 138.2 (Cq Bn), 138.2 (Cq Bn), 138.3 (Cq Bn), 139.0 ppm (Cq
Bn); ESI-MS: 1128.5 [M+Na+]; IR (neat): ñ =1069, 1109, 1454, 2095,
2878 cm�1.


3-Aminopropyl {[4-O-(a-l-gulopyranosyl)uronate]-a-l-gulopyranoside}-
uronic acid (44): Compound 40 (0.243 g, 0.310 mmol) was taken up in
CH2Cl2 (2 mL), tBuOH (2 mL), and H2O (0.5 mL) and TEMPO (0.019 g,
0.124 mmol) and BAIB (0.496 g, 1.55 mmol) were added. The reaction
mixture was stirred vigorously until analysis by TLC showed complete
conversion of the starting material. Na2S2O3 (10 mL, aq) was added and
the resulting mixture was stirred for 15 min. The layers were separated
and the aqueous phase was acidified with 1m HCl and extracted three
times with CH2Cl2. The combined organic layers were dried over MgSO4


and concentrated in vacuo. The resulting syrup was then dissolved in
tBuOH (2 mL) and H2O (2 mL) before a catalytic amount of Pd on char-
coal was added. The reaction mixture was stirred overnight in an H2 at-
mosphere and filtered. Gel filtration (HW-40) afforded the desired disac-
charide 44 (0.086 g, 90%). 1H NMR (400 MHz, D2O): d =1.98–2.06 (m,
2H, CH2 C3H6N3), 3.14–3.23 (m, 2H, CH2 C3H6N3), 3.65–3.71 (m, 1H,
CH2 C3H6N3), 3.92–3.99 (m, 4H, H-2, H-2’, H-3’, CH2 C3H6N3), 4.09–4.16
(m, 3H, H-3, H-4, H-4’), 4.41 (d, 1H, J=1.2 Hz, H-5’), 4.47 (s, 1H, H-5),
4.96 (d, 1H, J=3.6 Hz), 5.02 ppm (d, 1H, J=4.0 Hz) (H-1, H-1’);
13C NMR (100 MHz, CDCl3): d=26.0 (CH2 C3H6N3), 39.0 (CH2 C3H6N3),
64.5, 65.1 (C-2, C-2’), 66.7 (C-5), 67.8 (CH2 C3H6N3), 68.1 (C-5’), 69.1,
70.3 (C-3, C-3’), 70.8 (C-4’), 80.5 (C-4), 98.4, 100.9 (C-1, C-1’), 175.7
(COOH), 176.1 ppm (COOH); HRMS: m/z : calcd for C15H25NO13+Na


+ :
450.12181; found: 450.12170.


3-Aminopropyl {4-O-[4-O-(a-l-gulopyranosyl)uronate]-a-l-gulopyrano-
syl)uronate]-a-l-gulopyranoside}uronic acid (45): Compound 43 (0.039 g,
0.034 mmol) was taken up in CH2Cl2 (1 mL), tBuOH (1 mL), and H2O
(0.5 mL) and TEMPO (0.003 g, 0.021 mmol) and BAIB (0.082 g,
0.257 mmol) were added. The reaction mixture was stirred vigorously
until analysis by TLC showed complete conversion of the starting materi-
al. Na2S2O3 (2 mL, aq) was added and the resulting mixture was stirred
for 15 min. The layers were separated and the aqueous phase was acidi-
fied with 1m HCl and extracted three times with CH2Cl2. The combined
organic layers were dried over MgSO4 and concentrated in vacuo. The re-
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sulting syrup was then dissolved in tBuOH (1 mL) and H2O (1 mL)
before a catalytic amount of Pd on charcoal was added. The reaction
mixture was stirred overnight in an H2 atmosphere and filtered. Gel fil-
tration (HW-40) afforded the desired trisaccharide 45 (0.018 g, 85%).
1H NMR (400 MHz, D2O): d=1.98–2.02 (m, 2H, CH2 C3H6N3), 3.14–3.19
(m, 2H, CH2 C3H6N3), 3.65–3.71 (m, 1H, CH2 C3H6N3), 3.91–4.00 (m,
5H, H-2, H-2’, H-2’’, H-3’’, CH2 C3H6N3), 4.04–4.07 (m, 2H, H-3, H-3’),
4.14 (bs, 3H, H-4, H-4’, H-4’’), 4.41 (s, 1H), 4.46 (s, 1H), 4.47 (s, 1H, H-
5, H-5’, H-5’’), 4.96 (d, 1H, J=4.0 Hz), 5.02 (d, 1H, J=3.6 Hz), 5.06 ppm
(d, 1H, J=4.0 Hz) (H-1, H-1’, H-1’’); 13C NMR (100 MHz, CDCl3): d=


26.2 (CH2 C3H6N3), 39.0 (CH2 C3H6N3), 64.6, 65.2, 65.2 (C-2, C-2’, C-2’’),
66.6, 67.3, 68.2 (C-5, C-5’, C-5’’), 67.8 (CH2 C3H6N3), 69.1, 69.2, 70.4 (C-3,
C-3’, C-3’’), 70.8 (C-4’’), 80.0, 80.5 (C-4, C-4’), 98.4, 100.7, 100.9 (C-1, C-
1’, C-1’’), 175.5 (COOH), 175.6 (COOH), 176.1 ppm (COOH); HRMS:
m/z : calcd for C21H33NO19+Na


+ : 626.15390; found: 626.15384.
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Introduction


The work of Haruta[1] and Hutchings[2] pioneered the inter-
est for gold in heterogeneous catalysis and demonstrated
that it can catalyze the low-temperature oxidation of CO,
ethyne hydrochlorination, and propylene epoxidation. The
interest for this element thus expanded and numerous con-


tributions demonstrating the effectiveness of supported gold
in many other important reactions emerged.[3] Very recently,
Corma and Serna reviewed the behavior of gold nanoparti-
cles in catalysis[4] and showed that they may act as active
redox catalysts for oxygen-containing hydrocarbons and as
reduction catalysts for alkenes, alkynes, imines, carbonyls,
and nitro compounds. Au/TiO2 and Au/Fe2O3 proved to be
effective in the hydrogenation of nitro compounds, also pro-
viding an alternative catalytic route for the production of cy-
clohexanone oxime.[4] It was also shown[5] that it is possible
to modify the reactivity of the small particles of gold by sup-
porting these on a nanocrystalline CeO2 leading to very
active catalysts for CO oxidation, homocoupling of aryl bor-
onic acids, and Sonogashira-s coupling reactions. The perfor-
mance of these catalysts was attributed to stabilized AuIII,
which was considered the active site for performing not only
the oxidation of CO, but also C�C bond formation. Alterna-
tively, nanocrystalline Au particles dispersed on a more neu-
tral support like carbon can provide tunable active catalysts
for the oxidation of alkenes using air, with high selectivity
to partial oxidation products and significant conversions
without a sacrificial reductant.[6] Anticipating that heteroge-
neous gold catalysts may be active for C�O bond forma-
tions, the cycloisomerization of carboxylic acetylenic acids
was chosen as a standard reaction.


Abstract: A novel class of heterogene-
ous gold catalysts supported on zeolite
beta-NH4


+ was prepared by the depo-
sition–precipitation method. This new
class of catalyst showed interesting cat-
alytic activities for the intramolecular
cycloisomerization of g-acetylenic car-
boxylic acids leading to functionalized
g-alkylidene g-butyrolactones. Analysis
of the supported gold species with in
situ X-ray photoelectron spectroscopy


(in situ XPS) suggests that cationic Au
(possibly AuIII) can play an important
role in such reactions. The high dis-
crepancy in catalyst stability in favor of
the Au supported on the zeolite system


over bulk Au2O3 is explained by 1) the
size of the particles and 2) the reversi-
bility of the redox deactivating process
(AuIII!AuI) in the presence of oxygen
for the supported system. The efficien-
cy of this system allowed reaction
under mild heterogeneous conditions.
The potential for catalyst recycling was
also highlighted.
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Homogeneous transition-metal-catalyzed cyclization of 4-
alkynoic acids constitutes a major route for the construction
of 5-membered exocyclic enol lactones. Earlier studies have
demonstrated interesting catalytic activities for a large varie-
ty of ruthenium,[7] rhodium,[8] palladium,[9] silver,[10] and mer-
cury[11] complexes and clusters.[12] However, the effective sys-
tems require the presence of additives or ligands or/and
strong bases, or the use of toxic Lewis acids and often lead
to moderate regio- and stereoselectivies.[7–12] We recently de-
scribed the high catalytic activities of simple, commercially
available AuCl and AuCl3 for the synthesis of functionalized
lactones[13] in the absence of any base. However, the opti-
mized system requires 2–5 mol% gold and is limited to gem-
substituted substrates. Subsequently, the cyclization of un-
functionalized acetylenic acids has been reported by using a
combination of AuCl and K2CO3.


[14] The low substrate-to-
metal ratio (i.e., T.O.N.=10) and the presence of a homoge-
neous base still do not fit the twelve principles of green
chemistry.[15] In contrast with the flurry of synthetic method-
ologies developed in homogeneous catalysis, reports of het-
erogeneous systems have been limited to bulk HgO.[8b, 11a, b, g]


Based on this background, we introduced the use of Au2O3


as an active, extremely selective catalyst for the cyclization
of 4-pentynoic acids.[16] Substrate-to-catalyst ratios up to
1000 and the selective 5-exo mode of cyclization for both
terminal and internal alkynes have been obtained. In this
paper, we report the preparation and unprecedented study
of the activity of selected supported gold catalysts for the
cyclization of acetylenic carboxylic acids to enol lactones.
Spectroscopic studies and structure-activity relationships
show that the catalytic reaction possibly involves AuIII spe-
cies and that a redox deactivation process leading to AuI


species is operating under the catalytic conditions. The
effect of O2 in air as a possible reoxidizing agent is postulat-
ed and investigations regarding the recyclability of the sup-
ported catalysts are reported.


Results and Discussion


We have chosen to immobilize gold on various supports by
precipitation of AuCl3 with NaOH on nanocrystalline CeO2,
MgO, and TiO2. Taking into account the literature concern-
ing the role of AuIII[4] in oxidation reactions we have also de-
cided to prepare gold-exchanged zeolites (ZSM-5, beta, fer-
rierite) in which the zeolite was expected to play the same
role as the chloride. Simple depositions/precipitations on
zeolite beta in the H+ or NH4


+ forms were realized and led
to the corresponding Au/beta-H+ and Au/beta-NH4


+ zeo-
lites[17] The resulting catalysts were characterized by ICP-
AES, adsorption–desorption isotherms of N2 at 77 K, DR-
UV/Vis spectroscopy, XPS (X-ray photoelectron spectrosco-
py), TEM (transmission electron microscopy), and EDX
(energy-dispersive X-ray analysis). Table 1 compiles the ana-
lytical and textural data. Zeolites exhibit very high specific
areas. High surface areas were also found for Au catalysts
supported on CeO2, MgO, or TiO2.


We decided to investigate the behavior of these 4 wt %
Au catalysts in the cyclization of the standard acetylenic
substrate 1a (Table 2). Cyclization of acetylenic acids does


not take place over gold supported on CeO2 or MgO
(Table 2, entries 1–2) at room temperature after 8 h. The
main effect of increasing the temperature and time for the
reaction in the presence of the Au/MgO catalyst was de-
composition of the substrate and the formation of only 34 %
of the desired product (Table 2, entry 3). Such behavior
was rather surprising because CeO2, and even more so,
MgO exhibit Lewis base properties as supports, which
should assist this reaction according to the precedent litera-
ture.[8b, 11g,12, 14,16] The Au/TiO2 catalyst demonstrated moder-
ate activity at room temperature after 8 h (Table 2, entry 4).
Considering that a gold-exchanged beta zeolite may behave
as a halide substitute due to its acidic properties, we then
tested the efficiency of the exchanged zeolites in this reac-
tion. Very low catalytic activity has been detected (Table 2,
entries 5–6). The same behavior was found for the catalyst
Au/beta-H+ that has been prepared by using the deposi-
tion–precipitation method (Table 2, entry 7). However, we
were pleased to find that Au/beta-NH4


+ exhibited a high ac-
tivity, as 99 % of the g-lactone 2a was isolated (Table 2,
entry 8). It is important to note that the control experiments


Table 1. Surface area and average particle size of supported catalysts.


Catalyst Au loading
[wt %]


Surface area
[m2 g�1]


Average Au particle
size [nm][a]


zeolite beta-H+ – 420 –
zeolite beta-NH4


+ – 464 –
Au/beta-H+ 4 294 5–7
Au/beta-NH4


+ 4 383 3–5
Au/CeO2 4 82 5–11
Au/MgO 2 62 2–12
Au/TiO2 4 42 5–8
exchanged Au/zeolite
beta-NH4


+


1.2 426 –


[a] Measured from TEM.


Table 2. Au-catalyzed cyclization of carboxylic acid 1a.[a]


Entry Catalyst Conversion
[%]


Yield
[%][b]


1 Au/CeO2 0 –
2 Au/MgO 0 –
3[c] Au/MgO 80 34
4 Au/TiO2 50 25
5 Au/ZSM-5 <10 –
6 exchanged Au/zeolite beta-NH4


+ <10 –
7 Au/beta-H+ 0 –
8 Au/beta-NH4


+ 100 99
9 ZSM-5, Ferrierite, Beta-NH4


+ or
beta-H+


0 –


[a] 1.5 mol % [Au], see Experimental Section for details. [b] Isolated
yield. [c] 40 8C, 16 h.
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performed by using pure zeolite (i.e., without any Au)
either in the H+ or NH4


+ form, or on beta-H+ treated in a
solution with a pH corresponding to those at which the dep-
osition/precipitation process was carried out led to zero con-
version in this reaction (Table 2, entry 9). Moreover, the re-
action was found to be very slow when conducted under
argon and the best yields were obtained under an air atmos-
phere.


The scope of the reaction was then studied for various
acetylenic acids either at room temperature or at 40 8C
(Table 3). We first evaluated the efficiency of the system on


malonic derivatives 1b–e (Table 3, entries 1–6). Very good
yields were observed for the cyclizations of acetylenic car-
boxylic acids 1b–d bearing alkyl or alkenyl side chains
(Table 3, entries 1–4). As expected, we observed that the re-
action times were longer (8 h) than those attained under ho-
mogeneous conditions (2 h). However, when using heteroge-
neous catalysts it is noteworthy that comparable results
were obtained for a low catalyst loading estimated to be
1.5 mol % of gold. No side reactions were observed on the
alkenyl side chains during the course of the reaction at 40 8C
(Table 3, entries 2–4). The presence of a benzylgroup also al-
lowed a clean cyclization leading to the lactone in 71 % iso-
lated yield (Table 3, entry 6). Performing the reaction at
room temperature corresponded to smaller reaction rates
(Table 3, entries 5, 7). Encouraged by such results, we at-
tempted to transform unsubstituted substrates, for which
only degradation or formation of methylketone had been
observed by using homogeneous gold chloride sources,[13]


whereas perfect chemoselectivity was obtained when using
either heterogeneous Au2O3 conditions[16] or homogeneous
AuCl/K2CO3 conditions.[14] The cyclization of 2-(methoxycar-
bonyl)hex-5-ynoic acid (1 f ; Table 3, entries 7–8) needed a


prolonged reaction time and a temperature of 40 8C to reach
complete conversion, whereas the corresponding lactone 2 f
was isolated in a modest yield of 50 %, which may be due to
the degradation of starting material. Indeed, in the case of
the 2-phenyl-pent-4-ynoic acid 1g, the corresponding exo-
methylene lactone was obtained in 80 % yield (Table 3,
entry 9).


Reports on homogeneous catalysis did not underline the
recyclability of the catalysts. Figure 1 presents the recycling


results for the first five runs when using the substrate 1a in
the presence of Au/beta-NH4


+ . The reaction time was delib-
erately fixed at 8 h to allow a maximum conversion of the
carboxylic acid to lactone. The supported catalytic system
can easily be separated by centrifugation under ambient
conditions. In addition, catalyst recovery is not hampered by
decomposition as the presence of air has no detrimental
effect, but on the contrary is a prerequisite to reach high ac-
tivities. As can be seen, the supported catalysts were recy-
cled without any significant loss of conversion and yield
(Figure 1). No leaching of the gold seemed to occur, as the
same ICP-AES analyses were obtained for the reused cata-
lysts.


A rationalization of the observed results was then pursued
through more specific analysis of the effective catalyst.
Figure 2 shows the TEM images (a,b) and EDX analysis (c)
of the Au/beta-NH4


+ catalyst. A quite narrow size distribu-
tion with the maximum centered at 4 nm can be observed
from the bright-field TEM picture. As shown in Figure 2a,
the morphology of the zeolite support was preserved. Based
on the atomic-number (Z) sensitive nature of the high-angle
annular dark-field (HAADF) contrast (Z-contrast), ADF-
STEM analysis offered a better gold/zeolite contrast and re-
vealed the existence of some gold oxide nanoparticles below
3 nm (Figure 2b). EDX analysis (Figure 2c) of the indicated
area in Figure 2b confirmed the existence of gold in the
sample.


During the catalyst preparation step, changing the precipi-
tation pH, due to the precipitation rate, even in a small


Table 3. Au-catalyzed cyclization of functionalized carboxylic acids.


Entry R1 R2 2 T [8C] Yield [%][b]


ACHTUNGTRENNUNG(Conv. [%])


1 CO2Et nBu 2b RT 60 (90)
2[a] CO2Et nBu 2b 40 85 (100)
3 CO2Me but-2-enyl 2c 40 80 (100)
4 CO2Me allyl 2d 40 88 (100)
5 CO2Et Bn 2e RT 65 (70)
6 CO2Et Bn 2e 40 71 (100)
7[a] CO2Me H 2 f RT 25 (40)
8[a] CO2Me H 2 f 40 50 (100)
9 Ph H 2g 40 80 (85)


[a] 16 h. [b] Isolated yield


Figure 1. Recycling test for the cycloisomerization of carboxylic acid 1a
in the presence of the Au/beta-NH4 catalyst.
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range (7.8–9.2) induced structural nonuniformities and
changes of the size of the gold oxide particles (3–12 nm).
Such a catalyst is no longer active in the cycloisomerization
of acetylenic acids. The same structural nonuniformities and
changes of the size of the gold oxide particles were observed
for the catalysts supported on MgO and TiO2. Because these
catalysts are inactive too, we can conclude that for these re-
actions a narrow size distribution (e.g. 3–4 nm) of the gold
particles is a prerequisite. Figure 3 depicts the TEM (a,b)
and EDX (c) images for the catalyst Au/MgO. These images
confirm a broader distribution of Au on the MgO support.


Another interesting observation in these experiments was
related to the necessity to perform the catalytic experiments
in the presence of air.


To clarify the observation that the catalyst is especially
active under ambient conditions, we performed in situ XPS
measurements by using the high-pressure X-ray photoelec-
tron spectrometer described in the Experimental Section. In


particular, the samples were exposed to argon, carbon mon-
oxide (CO), and dioxygen (O2) at pressures of 1 mbar
during the XPS measurement. The resulting Au 4f spectra
are displayed in Figure 4. In the presence of 1 mbar Ar, the
Au 4f7/2 signal is centered at 84.5 eV. Exposing the sample
to 1 mbar CO causes only small changes in the position and
the shape of the signal. In contrast, the presence of O2 shifts
the peak center significantly to a higher binding energy,
85.1 eV, suggesting oxidation of the Au species. Considering
the fact that this oxidation reaction occurs already at a very
low oxygen partial pressure of 1 mbar, it appears not unlike-
ly that a similar reaction occurs when the catalyst is in con-
tact with the liquid phase under ambient conditions.


Apparently, the Au species in the zeolite is already in a
reduced state when the gas is switched from Ar to CO, be-


Figure 2. TEM images (a,b) and EDX analysis (c) of Au/zeolite beta-
NH4


+ .


Figure 3. TEM images (a,b) and EDX analysis (c) of Au/MgO.
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cause otherwise reduction by CO would cause a major peak
shift to lower binding energy. At the first glance, this is a
surprising result, because the sample was exposed to ambi-
ent conditions prior to the XPS measurement and thus to a
much higher oxygen pressure than in the high-pressure XPS
experiment. The most likely explanation for this finding is
the reduction of an initially oxidized Au species by reducing
species (CO, H2) in the residual gas of the vacuum chamber.
The procedure of evacuating the load lock after introducing
the sample and transferring the sample in the vacuum
system to the high-pressure XPS chamber requires several
hours. This time is probably sufficient for reducing oxidic
Au species even at CO partial pressures in the low
10�10 mbar range, taking into account that AuOx reacts rap-
idly with CO with a low activation barrier[17] (We note that
X-ray-induced beam damage may also play a role in the de-
composition of an AuOx species, according to recent XPS in-
vestigation of Au2O3 on Au nanoparticles.[18]). Our consider-
ations concerning the reduction of the oxidized Au species
can be extended to the liquid phase and suggest why ambi-
ent conditions are crucial for the performance of the cata-
lyst: most likely, the catalytically active oxidized gold is
slowly reduced by a reactant or the solvent[19] and is reoxi-
dized if air is admitted to the mixture.


Deriving the oxidation states of the Au species from the
observed Au 4f binding energies is not straightforward.
Firstly, influences of the final state of the photoemission
process, for example screening effects, on the binding
energy are difficult to quantify and depend on the local en-
vironment of the Au atoms or ions. This makes comparison
with Au 4f binding energies of other Au compounds diffi-
cult. For example, the two components which can clearly be
identified in the Au 4f7/2 signal may just result from two dif-
ferent local environments and may not represent different


oxidation states. Secondly, residual charging of the sample
may also occur in the presence of argon and thus make the
absolute binding energies of all spectra uncertain (in con-
trast to the relative binding-energy shifts for the different
gases). These cautioning remarks aside, we could compare
our results to the Au 4f7/2 binding energy of bulk Au2O3,
85.9 eV.[20] The value we observed in the presence of 1 mbar
O2, 85.5 eV (position of the most intense contribution), is
slightly lower and may thus represent a lower oxidation
state of Au than + 3, for example, a (metastable) AuII spe-
cies. Alternatively, the relatively broad peak may contain
contributions from AuIII and Au in lower oxidation states.
The spectra taken in Ar and CO show at least two contribu-
tions centered around 84 and 85 eV. This suggests that part
of the Au is not in the zero oxidation state, even in the pres-
ence of CO, but forms an oxidized species, which cannot be
reduced easily with CO. One may speculate that this Au
species is incorporated into the zeolite framework such that
reduction is prevented. Oxygen exposure would then lead to
further oxidation, resulting in the formation of the catalyti-
cally active species.


Conclusion


We have found that gold supported on zeolite beta-NH4
+


catalyzes the intramolecular addition of carboxylic acids to
alkynes leading to functionalized lactones. XPS confirmed
the role of oxidized Au species in such reactions, and pro-
vided evidence regarding the effect of air in preserving the
catalyst activity. The efficiency of this system allowed reac-
tions under mild heterogeneous conditions previously unob-
served. The heterogeneous catalyst was efficiently recycled
four times. The high activity observed for this system and
the oxidoreduction mode of activation of the Au nanoparti-
cles may have further reaching implications in the design of
new catalytic systems for the formation of C�O or C�N
bonds.


Experimental Section


Synthesis of supported catalysts : Beta zeolite (1 g; PQ Corporation) was
vigorously stirred for 3 h with a solution of NH4NO3 (100 mL, 1m) at
353 K. After this time, the slurry was filtrated and carefully washed,
dried for 6 h at 333 K, and calcined for 24 h at 773 K. Au-supported cata-
lysts were prepared by the deposition–precipitation method, by adding
the support (1 g) to an aqueous solution of HAuCl4 (10�3 mol L�1) previ-
ously adjusted at pH 8.5 with a NaOH solution (0.2 mol L�1). The slurry
was maintained at 343 K, under vigorous stirring for 3 h. After stirring,
the sample was filtered, washed with deionized water until elimination of
chloride, and then dried under vacuum at 333 K for 24 h. Au/TiO2, Au/
MgO, and Au/CeO2 were prepared in a similar way. MgO was prepared
from commercially available Mg ACHTUNGTRENNUNG(OCH3)2 solution (Aldrich, 8.7 wt % in
methanol), methanol, and deionized water. The solution of Mg ACHTUNGTRENNUNG(OCH3)2


was mixed with water in methanol (molar ratio 1:2) at room temperature
and left for gelation (2 days). After drying under vacuum at 333 K for
24 h, the oxide was heated at 773 K in air for 1 h, which resulted in an
oxide with the surface area of 142 m2 g�1. CeO2 was prepared by follow-
ing the methodology proposed by Rambabu et al.[21] and exhibited a sur-


Figure 4. In situ high-pressure XP spectra of the Au/beta-NH4
+ catalyst


taken in the presence of 1 mbar Ar (bottom), 1 mbar CO (center), and
1 mbar O2 (top).
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face area of 182 m2 g�1. TiO2 was obtained by sol-gel with Ti ACHTUNGTRENNUNG(OBu)4 (Al-
drich) as a precursor. TiACHTUNGTRENNUNG(OBu)4 (10 mL) was mixed with isopropyl alco-
hol (4 mL), and then water and nitric acid (0.01 m) were added to this so-
lution in a molar ratio TiACHTUNGTRENNUNG(OBu)4/H2O/HNO3 of 1:4:0.01. This mixture was
left for 7 days for gelification. The gel was then dried under vacuum at
333 K for 24 h and heated at 673 K in air for 2 h, which resulted in TiO2


with a surface area of 116 m2 g�1.


XPS characterization methods : The in situ XPS measurements were per-
formed with a high-pressure X-ray photoelectron spectrometer, which
can be operated at pressures of up to 1 mbar at the sample and is, there-
fore, suitable for measurements within the “pressure gap” regime. The
apparatus has been described in detail elsewhere.[22] Briefly, the experi-
mental setup is based on a modified hemispherical electron-energy ana-
lyzer (Omicron EA 125), a modified twin anode X-ray source (Specs)
(AlKa radiation, hn=1486.6 eV), and several differential-pumping stages
between the sample region and the electron detector. The vacuum
system has a base pressure in the 10�10 mbar range. The reaction gas is
provided in situ by either background dosing or beam dosing; the latter
uses a directed gas beam from a tube with a small cross section and per-
mits higher local pressures. In this work, only background dosing was em-
ployed. All in situ XPS measurements were performed at maximum gas
pressure (1 mbar). As a favorable side effect of the presence of the gas
phase, photoinduced charging of the (nonconducting) samples is reduced
because partial ionization makes the gas phase conductive. The conduc-
tivity (and, thus, the degree of residual charging) depends on the charge
carrier density and, therefore, on the ionization probability of the gas.
This leads to different charging of the samples for the different gases
and, as a result, we find small deviations (<1 eV) in the positions of all
photoemission signals for different gases. To account for this effect, we
made the reasonable assumption that the silicon in the zeolite framework
is chemically not affected by the different gases (Ar, CO, and O2) in this
pressure range and that any differences in the positions of the Si 2s sig-
nals are due to charging. Therefore, the shifts of the Si 2s signals can be
used to correct the positions of the Au 4f signals. This procedure was ap-
plied in Figure 4 to correct the position of the spectra (a) and (b) relative
to spectrum (c). For the general calibration of the energy scale of the
spectrometer, we used the Fermi edge and the Au 4f7/2 signal (EB�
84.0 eV) of a clean Au ACHTUNGTRENNUNG(111) sample.


Catalytic procedure : A mixture of acetylenic acid (0.26 mmol) and gold
catalyst (20 mg) in acetonitrile (1.2 mol L�1) was stirred under an air at-
mosphere at room temperature or 40 8C. After completion of the reac-
tion, the mixture was centrifugated. By simple decantation, the catalyst
was removed from the reaction mixture and the solvents were evaporated
under reduced pressure to give the corresponding lactone. 1H and
13C NMR spectra were recorded on a Bruker AV 300 instrument and
were in accordance with the literature.[7–14,16]
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Introduction


Metalloporphyrins are key cofactors in many catalytic sys-
tems of biological and synthetic importance and since long
the methods of metal insertion and exchange in tetrapyr-
roles are of great interest. There are two general paths to-
wards metal exchange in tetrapyrrolic complexes. Under
acidic conditions, the transmetalation of metalloporphyrins


and chlorophylls (Chls) proceeds via dissociation of the cen-
tral metal followed by a reaction of the free base with the
incoming metal cation. In the absence of acid, the exchange
of metal ion proceeds via an interchange mechanism. Nu-
merous studies on metalloporphyrins have shown that there
are several factors which determine the kinetics of transme-
talation, such as the coordination properties of the metal
ion, its ligands and the nature of the solvent.


The structural factors which determine the properties of
the porphyrin/Chl macrocycle are also important.[1–6] In par-
ticular, structural differences between porphyrins and Chls
(Figure 1) seem very relevant, but they have not yet been
compared in the context of their abilities to control the ex-
change of the central metal ion. The transmetalation of Chls
is a reaction in which the central Mg ion is displaced by an-
other divalent metal ion, as shown in Equation (1).


Mg-Chla þ MII ! Mg þ M-Chla ð1Þ


The substitution in some cases, for example, with ZnII and
CuII, occurs spontaneously but usually is irreversible, as re-
ported by Schunck and Marchlewski already at the end of
the 19th century.[7] These spontaneous reactions pose a seri-
ous threat in natural systems as they may cause the irrever-
sible loss of photosynthetic activity, for example, in plants
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growing on soils polluted by heavy metals.[8] On the other
hand, metal displacement is of great interest when consider-
ing the use of metallosubstituted Chls and bacteriochloro-
phylls (BChls) in model studies[9–13] and their application as
photosensitizers in photodynamic therapy (PDT).[14–23] This
has lead to the development of methods to achieve an inser-
tion of divalent metal ions that cannot spontaneously re-
place the central Mg2+ .[24] Among these the so-called “ace-
tate method” is commonly used in the synthesis of metallo-
substituted porphyrins and Chls.[1,25, 26] Recently, modifica-
tions of this general method were employed to synthesize
for the first time the Zn- and Cu-substituted BChla[5] and
Pt-substituted Chla.[27] Although the method is already for
decades in use, its mechanism remains ill-defined.[1,3] The
present study is aimed to examine the underlying mecha-
nism of the metal exchange reactions of chlorophylls and its
activation by acetate.


In this report we show that the effect of acetate ions on
the transmetalation of Chla depends strongly on the coordi-
nation properties of the solvent. Moreover, the activating
effect of acetate (Ac) seems intrinsically linked to the occur-
rence of the keto–enol tautomerism at the isocyclic ring of
Chl. Spectrophotometric titrations of BChla with tetrabutyl-
ammonium acetate (TBAAc), 2,2’,2’’,2’’’-(ethylenedinitrilo)-
tetraethanol (THEED) and pyridine (py) were performed in
order to determine the forms of pigment coordination in the
presence of these chelators. Because Ac ions, solvent mole-
cules and Chl can all act as potential ligands for CuII and
Mg, we considered all the possible and essential equilibria
that can occur in this system. In addition, the kinetics of the
transmetalation of Chl in the presence of TBAAc and
THEED was investigated using conventional kinetic tech-
niques.


Results and Discussion


Interaction of acetate ions with chlorophylls : In order to de-
termine the possible non-symmetrical axial interaction of
Chla with chelating ligands, titrations of BChla in weakly li-


gating MeCN with py, TBAAc and THEED were per-
formed. The use of BChla was motivated by the better dis-
tinction of the coordination-sensitive QX transition in this
pigment.[28,29] According to the available data,[29,30] BChla
and Chla are mainly five-coordinate in MeCN and six-coor-
dinate in MeOH. Whatever the solvent, it can be replaced
by py, which is known to force Chls to form symmetrical six-
coordinate complexes.[30,31] In this context, BChla was incu-
bated in MeCN containing 0.15m py and then small doses of
0.5m TBAAc or THEED solutions were added. Every addi-
tion increased the concentration of TBAAc or THEED by
0.02m. Figure 2A shows the relevant region of the absorp-
tion spectrum of BChla pre-incubated with py, recorded
during titration with TBAAc and THEED, whereas Fig-
ure 2B shows the QX band of BChla pre-incubated with
TBAAc or THEED and then titrated with py.


In the presence of 0.15m py in MeCN an equilibrium be-
tween five- and six-coordinate forms of BChla exists, as in-
ferred from the appearance of the two-component QX band
(solid line in Figure 2A). Upon the addition of TBAAc, the
component near 610 nm disappears while the one at 580 nm
increases significantly. The addition of THEED under the
same conditions causes only a partial shift towards the


Figure 1. Chemical structures of chlorophyll a and bacteriochlorophyll a,
major photosynthetic pigments of higher plants and purple photosynthet-
ic bacteria, respectively.


Figure 2. Effects of various chelators and high pressure on the shape of
the coordination state-sensitive QX band of bacteriochlorophyll a (2.5Q
10�6


m) in acetonitrile (MeCN) and in dimethylformamide (DMF), re-
spectively. A) To the solution of the pigment pre-incubated with 0.15 mm


pyridine (solid line), 0.02m 2,2’,2’’,2’’’-(ethylenedinitrilo)tetraethanol
(THEED, g) or 0.1m tetrabutylammonium acetate (TBAAc, a) was
added. B) The pigment in MeCN was first treated with THEED (*) or
with TBAAc (c) and then pyridine was added (dotted and dashed
line, respectively). The same concentrations were applied as in A). C)
and D) High pressure-induced changes in the shape of the QX band of
bacteriochlorophyll a in neat DMF and in DMF containing 1 mm sodium
acetate, respectively.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9419 – 94309420



www.chemeurj.org





580 nm band (Figure 2A). No significant spectral changes
were observed when py was used as the titrant for a solution
of BChla pre-incubated with TBAAc (Figure 2B), whereas
the final spectrum of BChla in MeCN/THEED titrated with
py was comparable with that recorded during the titration
of BChla/py with THEED. In strongly coordinating MeOH,
the QX band of BChla is symmetrical and has a maximum at
608 nm, and no changes were observed during titration with
TBAAc (or THEED) in the presence/absence of py (not
shown). The lack of any effect of TBAAc/THEED on the
spectrum of BChla in MeOH may suggest a relatively
higher stability of the MeOH-ligated species compared with
the [BChla(Ac)] complex. This seems, however, difficult to
justify since the charge and chelating abilities would suggest
an MeOH for Ac substitution. A straightforward possibility
is that MeOH stabilizes Ac ions, for example, due to a
strong hydrogen bonding.


These observations point to an easy substitution of two py
ligands by one Ac at axial positions in BChla in MeCN.
Consequently, a non-symmetrical complex in relation to the
plane of the tetrapyrrole is formed. It is, however, unclear
whether it is five- (tetragonal pyramidal) or six-coordinate
(prismatic) since the spectral changes should be related to
the influence of the axially coordinated ligands on the con-
formation of the macrocycle. Chelation is usually preferred
over monodentate ligation. However, the four-membered
rings are generally not as stable as five- or six-membered
rings. Moreover, the proximity of the Chla p-electron
system can, to some extent, counteract the formation of an
additional Mg�Ac bond. Nevertheless, there is not enough
space for any extra ligand and hence only one Ac can bind
to the central Mg ion. As a result, the Mg ion chelated by
Ac must be pulled out of the Chla plane more significantly
than in the complex with a coordinated solvent molecule.
Such displacement of the central ion causes some distortion
of the tetrapyrrolic ring even though it is more rigid when
compared to porphyrins.[32] The similar changes in the QX


band which occur in the presence of high concentrations of
THEED indicate that the effects of this chelator on BChla
are comparable. However, they are weaker than the ones
observed in the presence of TBAAc, so much so that a
higher concentration of alcohol is required to substitute py
in the [BChla(py)2] complex.


The exceptionally strong binding of Ac to the central Mg
ion and the deformation of the Chl macrocycle is fully con-
firmed by the absorption measurements under high pressure
and the effects of acetate on the excited state lifetime of
Chla and BChla and its demetalated derivatives. In the ab-
sence of Ac, the application of hydrostatic pressure at room
temperature significantly shifts the coordination equilibrium
of BChla in DMF toward the six-coordinate form (Fig-
ure 1C), whereas the addition of Ac (1mm) very effectively
stabilizes the five-coordinate state (Figure 1D). This effect is
also reflected in the properties of the singlet excited state of
the pigments; the addition of Ac to Chla solution in DMF
causes a shortening of its fluorescence lifetime from 6.02�
0.06 to 5.85�0.06 ns and to BChla in DMF, from 3.46�0.07


to 3.14�0.08 ns. At the same time, Ac has no effect on the
fluorescence lifetimes of the demetalated pigments. As in
other porphyrinoids, the shortening of the singlet excited
state lifetime is an indication of the loss of planarity of the
macrocycle.[32,33] Very similar effects on the coordinative and
the excited state properties of the pigment were caused by
intramolecular chelation of the central Mg in BChla (Fiedor
et al. , unpublished results).


Activation of copper(II): According to the available data,
the CuII ion forms typical octahedral six-coordinate com-
plexes in MeOH[34] and five-coordinate[35] or six-coordinate
axially elongated octahedrons in MeCN.[36] Ac can obviously
coordinate to the CuII ion, and in this process the coordinat-
ed solvent molecules (Solv) are substituted by Ac as its con-
centration increases. The speciation of CuII in the used sol-
vents should be considered, especially since Ac can act
either as a mono- or a bidentate ligand. X-ray studies per-
formed by van Niekerk and Schoening[37] indicated that
CuAc2·H2O crystallizes with CuII ions arranged in pairs
which are bridged by four acetic groups. Moreover, CuAc2


is supposed to form mainly dimeric complexes in various
solvents, including acetic acid,[38–42] alcohols,[42,43] and
MeCN.[44,45] The dimer to monomer dissociation constant
was found to be very low in acetic acid, about 1Q10�5


m, and
increased up to 6Q10�3


m in the order HAc < EtOH <


MeOH.[42] Equilibrium (2) is strongly shifted towards the
formation of the 1:2 complex:


½CuAcðSolvÞ4�þ þ Ac� Ð ½CuAc2Solv2� þ 2 Solv ð2Þ


A further increase in Ac concentration usually results in the
formation of dimers, [Cu2Ac4Solv2]. The monomeric species,
[CuAc2Solv2], is a tetragonally distorted octahedron with Ac
more strongly bound to the CuII ion than the axial solvent
molecules.[40] In the case of the dimer, one solvent molecule
per CuII is released to enable a direct copper-to-copper
bond formation.[37,46]


In order to determine the speciation in MeOH and
MeCN, spectrophotometric titrations of trifluoromethane-
sulfonate (CuTf2) with TBAAc were performed in both sol-
vents. When the ratio of concentrations of Ac and CuII, cAc/
cCuII, was kept below 2, in both solvents similar changes
could be seen in the absorption spectrum of CuTf2
(Figure 3). The bands at 825 nm (in MeOH) and at 860 nm
(in MeCN) disappeared while new bands accordingly ap-
peared at 700 and 675 nm. The absorbance changes, moni-
tored at 700 nm (or 675 nm), accompanying the increase in
TBAAc concentration in the two solvents are shown in Fig-
ure 4A. At higher ratios of cAc/cCuII, the changes of A700 in
MeOH reach a plateau, whereas in MeCN a shift of the
band maximum from 675 to 725 nm occurs and the band in-
tensity decreases until cAc/cCuII =3 is reached. An increase in
the concentration of Ac also affects the higher energy band
with a maximum near 325 nm.


The intensity of this band initially increases to reach a
maximum at the ratio cAc/cCuII equal 2 in MeOH and equal 1
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in MeCN. In the latter solvent, the A325 value drops to ap-
proximately half of its maximal value (at cAc/cCuII =2) and re-
mains unaffected by any further addition of TBAAc. More-
over, due to the narrowing of this band, another one can be
observed at 375 nm which then decreases with increases in
TBAAc concentration, disappearing completely when cAc/
cCuII =3. The titration curves plotted for absorbance changes
at 375 nm are shown in Figure 4B. Due to a stronger over-
lap, the corresponding high energy band could not be distin-
guished in the spectra recorded in MeOH. However, in this
solvent absorbance at 375 nm changed in proportion to the
absorbance of the main charge transfer band at 325 nm.


Additional information was derived from EPR measure-
ments. The spectra of CuAc2·H2O were recorded in MeOH


and in MeCN, both in the absence and presence of 0.1m


TBAAc. In each case, a single signal was found with a maxi-
mum at about 3310G (see Supporting Information). The
basic parameters of the signal are comparable with those re-
ported by Grasdalen.[40–42] The most important change in-
volves the baseline which under the influence of TBAAc re-
mains wavy in MeOH over a wide field range, but straight-
ens out in MeCN.


According to previous UV/Vis spectroscopic studies in
various solvents,[39, 42,47] the [Cu2Ac4Solv2] dimers show a con-
siderably stronger absorption than [CuAc2Solv2] and even
stronger than [CuAcSolv4]


+ . In addition, the absorption
band of the dimer is shifted towards shorter wavelengths
compared to the monomer. Therefore, the spectral changes
observed during the titration of CuTf2 with TBAAc in
MeOH point to both the coordination of two Acs as well as
to the formation of [Cu2Ac4ACHTUNGTRENNUNG(MeOH)2]. According to the
earlier work of Tsuchida and Yamada,[43] and of Martin and
Whitley,[47] the band at 375 nm should be considered diag-
nostic for dimeric CuII complexes. Thus, strong absorption
signals at 700 and 375 nm indicate that Ac stabilizes such
dimers in MeOH. Surprisingly, [Cu2Ac4Solv2] turned out to
be unstable in MeCN in the presence of high TBAAc con-
centrations as indicated by a decrease in absorption at 375
and 675 nm, and a red shift of the latter band. This is con-
firmed by the EPR spectra. Since the resonance of the
dimers is several thousand Gauss wide,[40,41] quantitative
analysis to determine the concentration of [Cu2Ac4Solv2]
was not possible. However, its concentration could be as-
sessed from the decrease in intensity of the sharp signal
characteristic of monomers observed at about 3300G in
MeCN. In MeOH, the addition of Ac had no effect on the
intensity of the monomer signal and the wavy shape of the
line suggests an overlap with a very broad signal, which can
be attributed to the contribution of dimers. Some traces of
such a wave can also be recognized in the EPR spectrum of
CuAc2 in MeCN. Its disappearance upon the addition of
TBAAc indicates decomposition of the dimers.


The different behavior of copper dimeric species in
MeOH remains unresolved. One should consider the possi-
bility of a proton release by MeOH molecules caused by the
influence of the CuII ion on their pKa value. Furthermore,
this proton release could be assisted by Ac as CuII methox-
ide can be easily formed in MeOH.[48] The existence of
[Cu2Ac4ACHTUNGTRENNUNG(MeO)2]


2� provides another justification for its high
stability in the presence of TBAAc.


The results discussed above confirm that CuAc2 in MeOH
and MeCN exists mainly in dimeric forms, although mono-
merization can occur as a result of the coordination of the
third Ac in MeCN. The stability of chelates in the [CuAc3]


�


complex must be even lower than in [CuAc2Solv2], such that
further Ac substitution can occur quite easily. No evidence
for the [CuAc4]


2�, [CuAc5]
3� or [CuAc6]


4� forms was ob-
tained from spectroscopic studies. Thus, we assume that in
an excess of Ac the predominant species of CuII in MeCN is
[CuAc3]


� , whereas in MeOH it is [Cu2Ac4ACHTUNGTRENNUNG(MeOH)2] or
[Cu2Ac4ACHTUNGTRENNUNG(MeO)2]


2�.


Figure 3. Electronic absorption spectra of the coordination forms of the
CuII species in methanol and acetonitrile formed in the presence of vari-
ous concentrations of tetrabutylammonium acetate. The numbers indicate
the molar ratios between CuII ions and acetate.


Figure 4. Titration of CuII trifluoromethanesulfonate (CuTf2) with
TBAAc in methanol (~) and acetonitrile (*) followed spectrophotomet-
rically in the visible (A) and in the UV range (B). The absorbance
changes in methanol were recorded at 700 nm and in acetonitrile at
675 nm. In the UV range, in both solvents the absorbance was followed
at 375 nm. The signals were normalized and corrected for dilution (see
text for details).
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A THEED-induced decomposition of dimeric CuII species
is not expected as the electron-donating abilities of hydroxy
groups are not sufficient to overcome the coordination of
Ac. Therefore, substitution of MeCN in [Cu2Ac4Solv2] by
THEED does not affect the overall complex structure.
Some additional interactions can be considered, especially
hydrogen bond formation with bridging Ac oxygen atoms.
Nevertheless, their positive influence on CuII activity is
questionable.


Activation of chlorophyll : The effect of Ac on both the CuII


ion and the tetrapyrrolic system, suggests possible implica-
tions for the metal exchange reactions of Chla. A series of
kinetic studies with Chls and CuAc2 were performed by Be-
rezin et al.,[49, 50] but the influence of the monomer–dimer
equilibrium on the kinetics of the metalation of pheophytin
(free base, Pheo) was not discussed in any further detail.
Therefore, the reactions of Chla and, in addition, Pheo with
CuAc2 were studied in MeOH and MeCN, both in the ab-
sence and presence of TBAAc and THEED. The course of
these reactions was followed using absorption and emission
(fluorescence) spectroscopy.


In both solvents at ambient temperature, the substitution
of Mg by CuII in Chla occurred relatively slowly as only
small changes were observed in the absorption spectra (not
shown) of the reaction mixtures containing 2.5 mm Chla and
a large excess of the CuII salt (5 mm in MeCN and 2.5 mm in
MeOH). In MeOH, a blue shift of a few nanometers of the
QY band of Chla occurred, but the reaction did not proceed
further as no shift of this band to 642 nm (characteristic of
the Cu–Chla product) was observed. Through prolonged pe-
riods of time, a slow degradation of Chla was observed in
MeCN (not shown). The reactions of CuAc2 with Chla were
repeated in the presence of TBAAc and THEED.


As shown in Figures 5 and 6, a strong effect of TBAAc on
the transmetalation reaction was observed in MeCN.
TBAAc caused rapid changes in both the electronic absorp-
tion and emission spectra of the reaction mixture. In the ab-
sorption spectrum, a fast decrease of the band at 662 nm
(Chla) occurred, accompanied by an increase of the band at
642 nm (Cu–Chla) and a change of the shape of the Soret
band (Figure 5). The appearance of at least two isosbestic
points (near 430 and 655 nm) suggests that no intermediates
occur during the formation of Cu-substituted Chla. The re-
action seems to be irreversible, which is consistent with the
finding that the observed absorbance changes both at 642
and 662 nm are independent of the CuII concentration (not
shown).


Some acceleration of the transmetalation reaction was
also caused by the addition of THEED, but this effect was
less pronounced than in the case of TBAAc (see Supporting
Information). Also, THEED caused a smaller shift of the
QY band of Chla, in this case to 650 nm. It follows then that
THEED as a chelator shows weaker coordinative properties
towards the central Mg2+ ion as compared to Ac. Seemingly,
THEED somewhat distorts the conformation of Chla and
thus facilitates an interaction with the CuII ion on the oppo-


site side of the macrocycle. Although this deformation and
the Mg�N bond stretching may not be sufficient for a disso-
ciation of the central Mg2+ , a bimetallic intermediate com-
plex, Mg-Chla-Cu, can presumably be stabilized.


The kinetics of the reactions in MeCN in the presence of
0.1m TBAAc and 0.1m THEED, followed at 642 nm, are
compared in Figure 6, together with the kinetics of the reac-
tion of Chla with CuAc2 performed in the absence of any
additives (lower trace). Clearly, both chelators cause a sub-
stantial increase in the rate of the transmetalation reaction.
In MeOH, Ac had inhibiting effects on the transmetalation
reaction (not shown).


Figure 7 shows the fluorescence changes that accompany
the reaction of Chla with CuAc2 in MeCN in the presence
of 0.1m TBAAc. They are representative of all the reactions
studied since a two-step decrease in the emission of Chla
was found in each case. The first step, during which the fluo-
rescence intensity decreased by 70–90%, reaching comple-


Figure 5. Spectral changes accompanying the acetate-assisted transmeta-
lation of chlorophyll a with CuII acetate in acetonitrile (see text for de-
tails).


Figure 6. Effects of TBAAc and THEED on the kinetics of conversion of
chlorophyll a into the copper complex (see text for details). The transme-
talation was carried out with CuAc2 alone (&) and with the addition of
0.1m THEED (~) and 0.1m TBAAc (*). The reaction progress was
monitored at 642 nm. Solid lines represent curve fits to the experimental
points.
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tion within the mixing time of the reactants in the cuvette,
turned out to be too fast to be followed using a conventional
spectrofluorometer. The next step involved a further but
much slower decrease in emission intensity and was quite
similar in all transmetalation reactions.


Figure 8 shows the kinetics of the decay of chlorophyll
fluorescence, observed in the presence of different concen-
trations of TBAAc. The decay curve is zero-order when the
concentration of Ac is less than three times the concentra-
tion of the CuII ions. This should be related to the very slow
decrease in the intensity of the absorption bands of Chla
which occurs in the absence of TBAAc (not shown). At
higher concentrations of Ac (cAc/cCuII > 3), fluorescence
decay can be fitted with a single exponential function, thus
indicating a change in the order of the reaction. The reac-
tion rates increase further with increasing Ac concentration.


On the basis of these observations, the acceleration of
Chla transmetalation should be ascribed mainly to the pres-
ence of ligands (L) that can pull the central Mg2+ ion out of
the Chl plane, with the rate and equilibrium constants of the


metal exchange reactions dependent on the relative stabili-
ties and structures of the corresponding Mg-Chla-L species.
This effect should be particularly distinct with chelators be-
cause ring-closure in the Chl–L complex usually lengthens
the Mg�N bonds or, in some cases, vacates one of the pyrro-
lenine nitrogens. For this reason, the presence of Ac would
not be expected to affect the reaction of free base metala-
tion. In order to check this assumption, the reactions of
Pheo and CuAc2 were also studied both in the absence and
presence of TBAAc. No significant influence of Ac on the
kinetics of the metalation reaction was found, either in
MeOH or in MeCN (data not shown).


Apparently, the influence of Ac on the transmetalation
reaction of Chla can be controlled by the conformation of
some peripheral substituents of tetrapyrrole. As shown by
many authors,[51–56] the isocyclic ring V is of great impor-
tance for the coordination properties of the Chla core. Due
to the presence of enolisable b-ketoester at ring V
(Figure 1), Chls may occur in either keto or enol form. The
double bond in the isocyclic ring, occurring in the enol form,
draws electrons from the tetrapyrrole system and causes a
meaningful weakening of the Mg�N bonds.[54] Enolysation
would be then restrained when the proton at carbon C-132 is
substituted by for example, a hydroxyl group. Another way
to prevent enolysis of ring V is the removal of the methoxy
carbonyl group (e.g. via pyrolysis), which is a component of
the b-ketoester.[51] Therefore, Chla and two of its derivatives,
132-hydroxychlorophyll a (Chla-OH) and 3-acetyl-pyroChla,
were compared in terms of their reactivity in metal ex-
change reactions in MeCN. The reaction conditions were
identical to those used for Ac-assisted Chla transmetalation,
that is, 0.1m TBAAc, 2.5 mm Chla-OH, 2.5 mm 3-acetyl-pyro-
Chla, T=298 K. Transmetalation was not observed within
the range of 0.5–5 mm CuAc2 either with Chla-OH or with
3-acetyl-pyroChla, thus indicating that the effect of Ac ap-
plies first and foremost to the activation of the tetrapyrrole
ring. Since neither Chla-OH nor 3-acetyl-pyro-Chla undergo
metal substitution in the presence of high concentrations of
Ac, one can conclude that the influence of keto form stabili-
zation on the strength of Mg�N bonds prevails over the la-
bilizing effect of Ac.


Kinetic studies : A detailed kinetic study was performed on
Ac-induced Chla transmetalation in MeCN. The reaction
was investigated independently for a fixed concentration of
either CuII or Ac. As shown in Figure 9A, the observed rate
constants increased linearly with increasing Ac concentra-
tion for cAc/cCu > 3 and the reaction followed rate Equa-
tion (3):


kobs ¼ kacAc ð3Þ


for which the second-order rate constant at 298 K was
0.152�0.006m


�1 s�1. Regardless of the temperature, no
meaningful reaction occurred below a total Ac concentra-
tion of 15 mm, which corresponds to cAc/cCuII =3. This finding
is in agreement with the results of the spectroscopic investi-


Figure 7. Decay of chlorophyll a fluorescence occurring in the presence
of CuII and TBAAc in acetonitrile at 298 K. In the first rapid phase, the
emission intensity decreased by almost 90%, and then a slower phase fol-
lowed (see text for details).


Figure 8. Dependence of the chlorophyll a fluorescence decay profile on
the relative ratio of concentrations of CuII and acetate (as TBAAc). Solid
lines represent curve fits to the experimental points.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9419 – 94309424


L. Fiedor, R. van Eldik, G. Stochel et al.



www.chemeurj.org





gation discussed above, which showed that in MeCN the
monomeric CuII species predominates at least three-fold
over Ac. In contrast to dimeric [Cu2Ac4Solv2] species,
[CuAc3]


� monomers can easily exchange Ac for tetrapyr-
role, and thus enable the formation of a Cu�Chla bond. At
a fixed Ac concentration (0.1m), the rate constant increased
with increasing CuII concentration (see Figure 9B). The
linear dependence of kobs on cCu showed a clear intercept
such that the rate expression was given by Equation (4).


kobs ¼ kbcCuII þ kc ð4Þ


At 298 K and cAc=0.1m, kb=4.0�0.2m
�1 s�1 and kc= (5.5�


0.6)Q10�3 s�1. Summarizing Equations (3) and (4), the over-
all rate expression can be given by Equation (5).


kobs ¼ k1cCuIIcAc þ k2 ð5Þ


The k1 value was calculated from the values of ka and kb by
taking cCuII and cAc into account, respectively. The values of
k1 fall indeed very close to an average value of 35�5m


�2 s�1


at 298 K (Table 1).
Activation parameters were derived from both concentra-


tion dependencies. At a fixed CuII concentration, activation


entropy and enthalpy were found to be +43�2 kJmol�1 and
+118�10 Jmol�1 K�1, respectively (see Table 1). The clear
intercept found for the dependence of kobs on cCuII allowed
the determination of DH� and DS� individually for the Cu-
dependent and the Cu-independent pathways (Table 1).


As shown by the dependence of kobs on Ac concentration,
the rate of Chla transmetalation in MeCN increased with in-
creasing Ac concentration up to a large excess over cCuII and
c


Chla
. Since the addition of TBAAc activates both CuII and


Chla, the equilibria given by Equations (6) and (7) should
be taken into consideration.


½Cu2Ac4Solv2� þ Ac� Ð ½CuAc3�� þ ½CuAc2Solv2� ð6Þ


Mg-Chla þ Ac� Ð Ac-Mg-Chla ð7Þ


Earlier work has shown that CuII dimers are stable enough
to prevent the CuII ion from undergoing ligand exchange, in
particular for tetrapyrrolic systems.[57] Therefore, Equation
(6) involves the monomerization of the Ac-bridged CuII


complex. Such a process requires that Ac ions outnumber
CuII ions by more than 2 to 1. One can assume that an in-
crease in Ac concentration so that there is at least a two-
fold excess of Ac over CuII, would result first of all in coor-
dination of the Mg ion as the solvent molecules are substi-
tuted in the axial position of Chla, by which the macrocycle
is activated. Then the displacement of solvent molecules by
Ac ions in dimeric CuII complexes would cause a considera-
ble strain that leads to a breakage of the bridging Cu�O
bonds. Ac ions can act both as mono- and bidentate ligands
in monomeric complexes of CuII. Since the small four-mem-
bered rings are not favored due to a considerable steric
strain,[41] one can assume a labilization of the Cu�O bonds
and the facilitation of ligand exchange. In turn, the coordi-
nation of the CuII ion by tetrapyrrole is facilitated.


Kinetic measurements both at constant CuII and Ac con-
centrations, showed that the enthalpy of activation for ka


and kb is very similar regardless of the way it was deter-
mined and has an average value of 42�3 kJmol�1. Such
conformity in the DH� values is in agreement with what is
predicted by Equation (5). Taking the concentrations of CuII


Figure 9. Dependence of rate constants of the acetate-assisted transmeta-
lation of chlorophyll a with CuII acetate, carried out in acetonitrile, on
the concentration of A) added acetate (as TBAAc) at a fixed concentra-
tion of CuII ions, and B) CuII ions at a fixed concentration of acetate. The
transmetalation was monitored spectrophotometrically at 640 nm.


Table 1. The rates and activation parameters for the transmetalation of
chlorophyll a with CuII. The kinetics controlled by the concentration of
CuII ions was studied in the presence of 0.1m acetate, and the kinetics
controlled by the concentration of acetate was studied in the presence of
5 mm CuII.[a]


Rate constants k298 DH�


[kJmol�1]
DS�


[Jmol�1K�1]


ka, cCuII const. ACHTUNGTRENNUNG(15.2�0.6)Q10�2
m
�1 s�1 43�2 �115�9


kb, cAc const. 4.0�0.2m
�1 s�1 41�2 �97�6


kc=k2, cAc


const.
ACHTUNGTRENNUNG(5.5�0.6)Q10�3 s�1 67�2 �64�4


k1=ka/cCuII 30.4�1.2m
�2 s�1 43�2 �72�4


k1=kb/cAc 40.0�2.0m
�2 s�1 41�2 �78�4


[a] The symbols used in the table refer to the Equations (3–5). Experi-
mental procedures are described in the Materials and Methods Section.
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(3) and Ac (4) into account does not affect the enthalpy
values obtained for the third-order rate constant k1. The
lack of activation parameters in the literature for Chla trans-
metalation does not allow a direct comparison, although the
value is quite typical for the incorporation of CuII ions into
tetrapyrrolic systems.[58–61] Since some distortion of the por-
phyrin from planarity is required for further metal coordina-
tion, the values of DH� are usually related to the energy re-
quired for such a deformation. However, in the case of Ac-
assisted transmetalation, the macrocycle bends when the Mg
ion is pulled out of the plane so that the relatively high ri-
gidity of the chlorophyll ring is balanced by the effect of the
axial ligand.


The values of the activation entropy, obtained from the
dependence of the second-order rate constants on tempera-
ture, are both negative and moderately large. However, the
actual DS� for the overall reaction was calculated from the
dependence of the third-order rate constants on tempera-
ture, at fixed concentrations of CuII and Ac. The obtained
values, namely �72�4 and �78�4 JK�1mol�1, are very
close to each other and in line with what is expected from
Equation (5). Finally, the average activation entropy for k1


was found to be �75�7 JK�1mol�1. This relatively large
and negative DS� value may indicate an associative type of
mechanism. The formation of the first bond between the tet-
rapyrrolic ligand and the incoming metal ion is usually rec-
ognized as the rate-limiting step for both metalation and
transmetalation of porphyrins. In the case of metal exchange
in Chla it requires a movement of the Mg2+ ion. Ac coordi-
nation orders the system and is accompanied by a significant
lengthening of the Mg�N bond. Moreover, the CuII ion
probably does not require the release of any ligand at this
stage because the Ac ions dissociate only from the binuclear
Mg-Chla-Cu-Ac species. These bond-formation contribu-
tions must account for the significantly negative activation
entropy.


The first-order rate constants kc (4) and k2 (5) can either
be due to a reverse or a parallel reaction that involves a Cu-
independent rate-limiting step. The independence of the
overall absorbance change observed during the reaction on
the CuII concentration rules out any possible contribution
from a reverse reaction. Hence, it is reasonable to attribute
k2 (5) to some Chla transformation that involves an Ac-in-
duced tetrapyrrole deformation. As a result, a more reactive
Chla species is formed which reacts rapidly with a CuII ion
in a subsequent step. Another plausible interpretation in-
volves Ac dissociation from the CuII complex prior to coor-
dination to the pyrrolenine nitrogen. This, however, seems
unlikely because the CuII equilibria should then affect the
Cu-independent pathway.


The transmetalation reactions in MeOH followed a very
different pattern. The kinetics of this process were measured
at constant cCuII and varied c


Ac
, and the determined kobs


values were plotted against the c
Ac
/cCuII ratio (Figure 10). At


a low concentration of Ac the kinetic traces had a complex
zero–-first-order character and the contribution of the linear
decay of the absorbance at 665 nm decreased with increas-


ing concentration of added TBAAc. This corresponds to the
substitution of axially coordinated solvent molecules by the
first Ac ligand. Moreover, the kobs values for the metal sub-
stitution process decreased as [CuAc2ACHTUNGTRENNUNG(MeOH)2] and
[Cu2Ac4ACHTUNGTRENNUNG(MeOH)2] became the dominating species in the re-
action mixture, approaching zero at a great excess of Ac
over cCuII. Since CuII mainly occurs as a dimer under such
conditions, [Cu2Ac4 ACHTUNGTRENNUNG(MeOH)2] turned out to be inert and
[CuAc ACHTUNGTRENNUNG(MeOH)4]


+ to be the most reactive species in the
transmetalation of Chla.


Mechanistic interpretations : The exchange of Mg by CuII in
Chla is usually a slow reaction which lasts several hours
under standard conditions, especially when a CuII ion with a
strongly coordinating ligand is used. The choice of the
ligand is, however, essential from a mechanistic point of
view since it tunes the redox potential of the coordinated
metal ion. This is of significance in the case of the CuII ion
which, under some conditions, can oxidize tetrapyrrole to its
cation radical. Ac secures non-redox pathways for the for-
mation reaction of a Cu derivative of Chla and therefore,
CuAc2 was used as the reactant.


The catalytic effect of carboxylate anions on CuII ion in-
corporation into tetrapyrrole has been previously observed
by Johnson et al.[62] and by Sugata and Matsushima.[63] Both
studies showed that small amounts of Ac can significantly
accelerate the reaction of the CuII ion with a porphyrin free
base. The observed rate constants reached a maximum when
the concentrations of Ac and CuII were comparable, thereby
suggesting that [CuAc ACHTUNGTRENNUNG(Solv)4]


+ is the most reactive species
in the system. This conclusion agreed with the results ob-
tained by other authors from kinetic studies on porphyrin
metallation in acetic acid.[64, 65] Whereas the formation of
non-reactive dimers could be expected at a higher Ac con-
centration, activation of fully solvated CuII species, which
occurs via solvent–ligand exchange for Ac, may seem sur-
prising to some extent. This effect can, however, be justified


Figure 10. Dependence of rate constants (kobs) of two competing reac-
tions, oxidation (*) and transmetalation (&), of chlorophyll a with the
CuII complexes in methanol on the concentration of added acetate. Ki-
netics were determined from spectrophotometric monitoring of the reac-
tions at 665 nm.
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by the facilitation of proton release from the porphyrin
core.


Similar experiments with Chls turned out to be impossible
because the use of CuII salts with non-coordinating counter
ions may lead to the oxidative degradation of the pigment.
Transmetalation of Chla with CuAc2 does occur, albeit very
slowly, especially in MeCN, where direct metal substitution
seems to compete with the formation of a stable complex
between CuII ion and Chla, probably of a charge-transfer
character, as indicated by a strong quenching of Chla fluo-
rescence in the presence of CuII ions (see below) and the ap-
pearance of a broad absorption band above 800 nm (not
shown). This points to the presence of some traces of solvat-
ed CuII ions. Therefore, one should expect the other species
with mixed ligands, such as [CuAcACHTUNGTRENNUNG(Solv)4]


+ and
[CuAc2Solv2], to be present in an MeCN solution of CuAc2,
although they cannot react with Chla unless it is activated.


Although a similar speciation is expected for CuAc2 dis-
solved in MeOH, the transmetalation reaction occurs only
to some extent as indicated by the blue shift of the Chla QY


band. The reason why Chla undergoes metal exchange with
CuAc2 in MeOH but not in MeCN, is presently not so clear.
One possibility is that hydrogen bonding between MeOH
and Ac can lead to a lower “effective” concentration of Ac
and thereby to a higher concentration of CuII monomers.
Another explanation might be the deprotonation of coordi-
nated MeOH and thus a stabilization of solvated CuII spe-
cies in the methoxy form.


The situation changes drastically in the presence of higher
Ac concentrations. Such conditions favor transmetalation of
Chla in MeCN. Since no effect was found for Pheo metala-
tion, one can assume that the facilitation of pyrrolenine
proton release cannot significantly control metal incorpora-
tion in this case. The further decay of dimers in MeCN did
not affect the rate of CuII ion insertion, indicating the crucial
role of the central Mg ion in Chla activation.


Fluorescence measurements showed that, regardless of
the presence of Ac, some interaction of the CuII ion and
Chla occurs in the very first stage of the reaction. This
should be attributed to the formation of an outer-sphere
complex rather than to the actual coordination of the CuII


ion. Such electrostatic interactions are known to initiate the


conformational changes in porphyrins, which in turn are cru-
cial for subsequent complexation steps.[35,66–71] Some authors
suggest a reverse order of the first steps in which outer-
sphere complex formation results from an earlier deforma-
tion of the macrocycle. It seems reasonable that initial ring
distortion favors electrostatic interaction, which facilitates
further deformation. The out-of-plane position of the central
Mg ion in MeCN (Figure 11, structure A) justifies an outer-
sphere complexation of the CuII ion. It is, however, insuffi-
cient to increase distortion in the macrocycle especially as
the isocyclic ring renders it more rigid compared to porphyr-
ins. Hence, the exchange of the Mg axial ligand by more
bulky and charged ligands can induce the reaction
(Figure 11, structure B). It should be even more distinct for
chelating ligands as ring-closure lengthens the Mg�Chla
bonds.


Pulling the Mg ion out of the Chla plane is accompanied
by the first Cu�N bond formation step that leads to the for-
mation of a bimetallic complex in which CuII and Mg are
bound to opposite sides of the tetrapyrrolic ligand (structure
C). Such types of intermediates have been considered in the
mechanism of porphyrin transmetalation.[72,73] The subse-
quent dissociation of the Mg ion from Chla permits the che-
lation of CuII and, as a consequence, the release of solvent
and Ac ligands.


The mechanism of the acetate-assisted transmetalation of
Chl mimics in a way the sequence of steps which occur
during biological insertion of metal ions into porphyrins.
Most-studied is the insertion of the Fe2+ ion into protopor-
phyrin IX to yield heme, catalyzed by ferrochelatases.
Recent crystallographic investigations reveal the presence of
conserved acidic residues (glutamate and aspartate) in the
metal biding sites on the enzymes, obviously acting as che-
lating groups, similarly to the role played by acetate in the
transmetalation. On the other hand, the inhibitory studies,
the use of catalytic antibodies and crystallographic investiga-
tions all reveal that out-of-plane distortion of porphyrin is
an essential step in the biological catalysis. Furthermore, the
metalation is strongly enhanced in distorted (e.g. N-substi-
tuted) porphyrins.[74] The exact mode of this distortion
(domed, ruffled or saddled) is still debated but it is agreed
that the strain exposes the nitrogen atoms of the porphyrin


Figure 11. Proposed steps of acetate-assisted transmetalation of chlorophyll.
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macrocycle.[75,76] This strained structure resembles the bimet-
allic species (structure C) in the proposed mechanism of Chl
transmetalation.


Conclusion


Mg for CuII exchange in Chla is significantly accelerated by
acetate, whose role is two-fold: activation of both Chla and
the CuII ion. The most important effect consists of an axial
coordination to Chla, which leads to the pulling of the cen-
tral Mg ion out of the macrocyclic plane. The out-of-plane
displacement of the central ion makes the tetrapyrrolic
system more susceptible to electrophilic attack. Moreover,
the susceptibility of the core nitrogens to electrophilic
attack is in part controlled by the enolisable system at isocy-
clic ring V. The influence of acetate on the reactivity of CuII


depends on the properties of the solvent, which can either
stabilize dimeric species or facilitate their dissociation to re-
active monomers. It is especially distinct if protic and aprot-
ic solvents are compared because proton release from the
coordinated molecule stabilizes the metal-solvent bond and
thus prevents substitution by acetate. On the other hand,
protic solvents deactivate acetate ions due to hydrogen
bonding. Furthermore, the differences in solvent coordina-
tion to central Mg ion in Chl entail differences in the geom-
etry of the macrocycle and, as a result, differences in Chl
ability for ligand exchange and further deformation.


These new insights into the mechanism of the acetate-in-
duced transmetalation of Chls reveal novel aspects of the in-
terplay between the peripheral groups and the reactivity of
the core nitrogens. These results point to key differences be-
tween chlorophylls and less derivatized porphyrins in inter-
actions with metal centers. Viewed from a broader perspec-
tive, they can also serve as guidelines towards the control of
the chemical reactivity of tetrapyrroles and for the design of
more efficient methods of preparation of metallosubstituted
porphyrins and related molecules.


Experimental Section


Pigment preparation : Chla was extracted from cyanobacterium Spirulina
laporte using the method described by Iriyama et al.[77] It was purified on
a DEAE Sepharose column and then by isocratic HPLC on a semi-prep-
arative reversed phase (C-18) column (Varian, 250Q4.6 mm), using neat
methanol (MeOH) as the eluent (flow rate 4 mLmin�1).[78] BChla was
isolated from a purple bacterium Rhodobacter sphaeroides following
Omata and Murata.[79] It was purified by column chromatography on
DEAE Sepharose using 15% MeOH in acetone as the eluent. The pure
pigments were dried under vacuum and stored at 244 K under Ar. Other
chlorophyll derivatives, 132-hydroxychlorophyll a and 3-acetylpyrochloro-
phyll a, were a generous gift from Prof. Hugo Scheer (University of
Munich). The solutions of pigments in acetonitrile (MeCN) and MeOH
were freshly prepared before use and their concentrations were calculat-
ed on the basis of the respective extinction coefficients.[80]


Kinetic measurements : All kinetic measurements, including temperature
studies, were carried out under pseudo-first-order conditions with at least
a 200-fold excess of copper salt. The fast kinetics were measured on a
stopped-flow apparatus (Applied Photophysics Ltd., Surrey, UK). The


temperature was controlled with a Grant LTD6G thermostat. Kinetic
measurements of slower reactions (at lower Ac concentration) were per-
formed using a Perkin Elmer Lambda 35 spectrophotometer. The forma-
tion of Cu–Chla in the presence of TBAAc was monitored as an absorp-
tion increase at 640 nm. To determine the influence of the concentration
of CuII on the kinetics of Cu–Chla formation, the concentration of CuAc2


was varied in a range between 0.5 and 5 mm at a fixed concentration of
TBAAc of 0.1m. The influence of the Ac concentration was studied for
solutions containing 5 mm CuAc2 and from 0 to 25 mm TBAAc. The
measurements were performed within a temperature range between 293–
323 K in steps of 5 K.


Interaction between chlorophyll and acetate ions : In order to follow the
interactions of Chls with potential axial ligands, the titrations of BChla
(2.5 mm) in organic solvents were performed using py as a ligand, and
TBAAc and THEED as chelators. To compare the strength of ligand
binding to BChla, the pigment was either pre-incubated in 0.1 mm solu-
tions of TBAAc or THEED and then titrated with py up to a concentra-
tion of 0.15 mm, or first pre-incubated with 0.15 mm py and then treated
with TBAAc or THEED, both up to 0.2 mm. The changes in the coordi-
nation state of the pigment were monitored spectrophotometrically. The
experiments were performed at ambient temperature.


Determination of the structure of CuII complexes in methanol and aceto-
nitrile : The coordinative forms of CuII in MeOH were investigated by ab-
sorption spectroscopy at room temperature. A 2 mL sample of a 5 mm


CuTf2 solution was treated in a standard 1 cm cuvette with portions of
TBAAc. The Ac concentration was increased in steps of 1 mm in MeCN
and 2.5 mm in MeOH. The mixture was shaken and the spectra were re-
corded in the range of 350–1100 nm. The titration was continued as long
as the changes in the absorption spectra were observable. An identical
experiment was performed with CuAc2 instead of CuTf2. Additionally,
the EPR spectra of CuAc2 in MeOH and MeCN were recorded at 77 K,
both in the absence and presence of 0.1 mm TBAAc, using a Bruker
ELEXYS 500 instrument.


Transmetalation of chlorophyll a by CuII acetate in methanol : A solution
of 5 mm Chla in MeOH and a solution of 5 mm CuAc2 in MeOH were
placed in a 0.88 cm tandem cuvette and the initial absorption spectrum
was recorded within a range of 350–750 nm. The reagents were mixed
and repetitive scan measurements at intervals of 60 s were performed in
order to monitor the progress of the reaction. Ac-assisted transmetala-
tion was investigated in the same way. In this case, both solid TBAAc
and solid CuAc2·H2O were dissolved in MeOH to obtain concentrations
of 0.2 and 0.01m, respectively. Other concentrations of CuAc2 used in ki-
netic studies were obtained by an appropriate dilution with 0.2m


TBAAc. The highest concentrations of CuII and Ac used in the reaction
with Chla were 5 mm and 0.1m, respectively. Fluorescence measurements
for the Chla transmetalation in MeOH were carried out at 298 K with
the excitation and emission slits being set at 15 and 5 nm, respectively.
The solution of Chla was excited at 415 nm and the fluorescence spectra
were recorded within the range of 600–800 nm.


Transmetalation of chlorophylls by CuII acetate in acetonitrile : The meas-
urements performed during the reaction of Chla with CuAc2 in MeCN
were identical to those described for the reaction in methanol but a
higher concentration of CuAc2, that is, 10 mm, was applied. In prelimina-
ry experiments, sixty scans of absorption and emission spectra were re-
corded at an interval of 1 min both in the absence and presence of
TBAAc. The kinetic measurements were conducted within a much nar-
rower timescale, using either conventional electronic absorption spectros-
copy or the stopped-flow technique. In order to determine the influence
of the Ac concentration on the reaction rate, the concentration of
TBAAc was varied within a range of 5 and 25 mm, whereas the concen-
trations of Chla and CuII were kept constant at 2.5 mm and 5 mm, respec-
tively. Each concentration dependence measurement was performed at
seven temperatures between 293 and 323 K in steps of 5 K. The kobs de-
pendence on the CuII concentration was studied at concentrations of
Chla and TBAAc fixed at 2.5 mm and 0.1m, respectively. The concentra-
tions of CuII were the following: 0.5, 1, 2, 3, 4 and 5 mm. The measure-
ments were repeated at various temperatures within a range of 298–
318 K in steps of 5 K, at ambient pressure.
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The influence of THEED on the transmetalation of Chla by CuAc2 was
studied at 298 K in the presence of 20, 50 and 100 mm THEED. The
effect of TBAAc was also tested in the reactions of CuAc2 with Chla de-
rivatives. Similarly to the described transmetalation reactions of Chla,
Chla-OH and 3-Ac-pyroChla were used at a concentration of approxi-
mately 2.5 mm. The concentrations of CuAc2 and TBAAc were identical
with those used in the reactions of unmodified Chla and the temperature
was set at 298 K.


Reagents : CuII acetate monohydrate and TBAAc were obtained from Al-
drich (Sigma-Aldrich, Germany). MeCN (Acros Organics, Belgium) was
of chromatographic grade. MeOH and py (analytical grade) were pur-
chased from POCh (Gliwice, Poland). THEED (analytical grade) was ob-
tained from Fluka (Germany).


Spectroscopic measurements : Absorption spectra were recorded on a
Perkin Elmer Lambda 35 spectrophotometer in 0.88 cm tandem cuvettes.
Temperature was controlled with a PTP-6 Peltier system (Perkin Elmer).
A CuAc2·H2O solution (in MeOH or MeCN) was used as a reference in
the spectroscopic studies. Fluorescence was measured in standard 1 cm
four-window cuvettes with a Perkin Elmer LS55 spectrofluorometer
equipped with a Grant LTD6G thermostat. Samples were excited at
415 nm and the emission was measured within a range of 600–800 nm.


Time-resolved fluorescence : The fluorescence lifetime measurements
were performed using a K-2 multifrequency cross-correlation phase and
modulation fluorometer (ISS Instruments, USA), as described previous-
ly.[81,82] The average random errors in the experimental data (fluorescence
lifetimes) were evaluated automatically by the program used for data
analysis on the basis of two parameters of emitted fluorescence: the
phase shift and demodulation ratio with reference to the scattering of
glycogen suspension in water.


High-pressure measurements : The effects of high hydrostatic pressure
(up to 200mPa) on the absorption spectra of BChla were measured on a
custom-built high pressure probe, equipped with a Grant LTD6G ther-
mostat, according to a previously described method.[83,84] The absorption
spectra were measured using a Shimadzu 2101PC spectrophotometer.
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Introduction


Corroles are tetrapyrrolic macrocycles, akin to porphyrins,
but with one less carbon atom in their outer periphery and
one additional NH proton in their inner core. The two types
of macrocycles have the same 18 p-electron conjugated
system.[1] It has been reported that the NH proton in the
inner core of corroles is strongly acidic, whereas the NH
proton in the porphyrins is weakly basic.[2] Corroles are tri-
ACHTUNGTRENNUNGanionic ligands that stabilize metal ions in unusually high
oxidation states, for example copper ACHTUNGTRENNUNG(III). Corroles can stabi-
lize high-valent metals, whereas porphyrins cannot because
the strong s donation, which in turn greatly increases the
energy of the d orbitals of the metal, is a more dominant
effect than the high energy of the corrole p system relative
to that of the porphyrins.[3]


Telomeres consist of tandem repeats of guanine-rich
TTAGGG sequences at the terminal of all chromosomes.
These sequences can cap the ends of chromosomes and pro-


tect them from deleterious processes during replication
steps. Further investigation has indicated that these repeats
may fold into intramolecular G-quadruplex structures.[4] The
enzyme telomerase, which mediates the maintenance of te-
lomeres, is overexpressed in tumor cells. When the 3’ end of
the telomere folds into a G-quaruplex, the activities of telo-
merase are inhibited, thus killing the tumor cells without de-
stroying the normal cells. It has been reported that telo-
meres can form G-quadruplex structures in the presence of
Na+ or K+ ions.[5]


Thus, devising ways of stabilizing G-quadruplex structures
has become a key strategy in the design of antitumor agents.
Recently, many groups have synthesized series of G-quadru-
plex stabilizers, which may block the extension of telomeres
by telomerase, thereby confering antitumor activities with
potential medicinal applications.[6] The porphyrin family was
one of the first that was identified as G-quadruplex stabiliz-
ers. Cationic porphyrins, such as TMPyP4, display good in-
hibitory activities toward telomerase.[6e, f] Gross and co-work-
ers were the first to synthesize cationic corroles and find
that they can interact with DNA,[7] and we reported that
some cationic corroles are capable of stabilizing G-quadru-
plex structures and inhibiting the activity of telomerase.[8]


To study the structure–activity relationships of corroles,
we attached pyridinium, piperidine, dimethylamino, and
amide moieties to the corrole skeleton because these func-
tional groups have shown a good affinity for DNA.[9–16]


Metals also play important roles in biological systems, and
metal complexes can influence the activities of telomer-


Abstract: A series of pyridinium and
quaternary ammonium copper corroles
has been designed and synthesized. All
new compounds have been fully char-
acterized by NMR spectroscopy, high-
resolution mass spectrometry, UV/Vis
spectrscopy, and elemental analysis.
Biochemical studies have indicated
that all of these corrole derivatives can


stabilize G-quadruplex structures, with
corrole 4 being the most effective ac-
cording to the results of circular di-
chroism (CD) melting experiments,
polymerase chain reaction (PCR) stop


assays, and surface plasmon resonance
(SPR) experiments. Moreover, both
corroles 3 and 4 tend to induce the
human telomeric sequence to form
hybrid G-quadruplex structures, where-
as corroles 8 and 9 are more inclined
to induce the human telomeric se-
quence to form antiparallel G-quadru-
plex structures.
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ase.[17] Some studies have reported special chemical proper-
ties of metallated corroles. Metal ions with high-oxidation
states in the core of the corrole may strengthen the interac-
tion between the corroles and G-quadruplexes. X-ray crys-
tallographic studies of corrolatocopper and -manganese
complexes show that they are typically saddle-type, which
are very similar to a plane.[7,18] These structures make cat-
ionic corroles prone to matching the G-quartet, which could
strengthen the interaction of the molecular ligand and G-
quadruplex. In view of these points, some metal ions with
high-oxidation states, such as copper(II) and manganese(II),
were inserted into corroles to form trivalent complexes.


However, there are few reports on the interaction be-
tween the metal–corrole complexes and G-quadruplexes.
Considering the specific structures of metalated corroles,[7,18]


we anticipated these compounds would show some interest-
ing properties through interaction with G-quadruplex DNA.
Thus, a metal–corrole complex may possibly play an impor-
tant role in replacing one of the metal ions that is normally
coordinated in and at the ends of the central ion channel of
the quadruplex.[19]


Herein, we report some new findings concerning the syn-
thesis and biochemical studies of cationic corrole deriva-
tives. Biochemical studies include a polymerase chain reac-
tion (PCR) stop assay, circular dichroism (CD) studies, CD
melting assays, surface plasmon resonance (SPR) experi-
ments, and UV titration experiments. The results have indi-
cated that the synthesized cationic corrole derivatives are
capable of stabilizing G-quadruplex structures.


Results and Discussion


Synthesis and physicochemical characterization : We recently
reported that some water-soluble free cationic corrole deriv-
atives showed good inhibitory activity toward telomerase
and induced the formation of a G-quadruplex structure.[8]


These compounds also showed good selectivities for G-
quadruplex DNA over double-stranded DNA (dsDNA). We
have now designed and synthesized more functionalized cor-
role derivatives to investigate their structure–activity rela-
tionships further.


The strategy of synthesis of these metal-chelating corroles,
in which the metal centers were inserted into the corroles
and then different groups were attached, was based on the
stronger acidity of the inner hydrogen atoms. This property
makes these corroles very active under basic conditions and
the inner nitrogen atom is easily alkylated, thus leading to
reactions that produce more by-products. It is very difficult
to use an aldehyde with a basic group to synthesize the cor-
roles directly, partially as a result of the ready protonation
of the basic group, thus making the aldehyde prone to react-
ing with pyrrole to form porphyrins instead of corroles.


The corrole derivatives were synthesized in metal-assisted
reactions. For the synthesis of corroles 8, 9, and 12–15, the
key step was the alkylation of phenol in the presence of a
strong base.[20] To avoid alkylation of the inner nitrogen
atom of the corrole, a metal-protected core is necessary.
Furthermore, it has been reported that manganese and
copper derivatives are good at stabilizing corroles and have
good biological activities.[21] Therefore, manganese and
copper were chosen as our studied metals.


In our initial synthesis of cationic corroles, we mixed 4-
pyridine corrole with metal acetates in pyridine and ob-
tained complexes 1 and 2 (Scheme 1). Methylation of cor-
roles 1 and 2 with methyl iodide in THF/CH3OH then af-
forded the water-soluble pyridinium corroles 3 and 4 in
good yield. The copper or manganese centers in the com-
plexes became CuIII or MnIII, which has been detailed in
many reports.[22] The free 5,10,15-tris(4-aminophenyl)corrole
and 5,10,15-tris(4-pyridyl)corrole are neutral, whereas these
two corroles are basic on metal chelation because the
strongly acidic hydrogen atoms in the inner core are re-
placed by the metal centers. The structures of the free cor-
roles have the stronger coplane character rather than the
saddle-type structure of the metal–corroles.


Quaternary ammonium corroles were synthesized accord-
ing to the procedures shown in Scheme 2. Using 5,10,15-
tris(4-hydroxyphenyl)corrole as a starting material, we
formed the corresponding copper complex by treatment
with copper(II) acetate in pyridine at room temperature.
Further alkylation of the phenol groups with alkyl chlorides
in the presence of K2CO3 furnished corroles 6 and 7. Finally,
methylation of 6 and 7 with methyl iodide gave the quater-
nary ammonium corroles 8 and 9 in good yield. The low


Scheme 1. i) Cu(Ac)2, pyridine, 30 min, RT; Mn(Ac)2, pyridine, 30 min, 60 8C; ii) THF/CH3OH, 40 8C, 12 h.
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yields of 6 and 7 might be at-
tributed to the high-oxidation
state of the copper center,
strong inductive effect of which
leads to low electron density at
the periphery. The electron
density on the oxygen atom of
the hydroxy group was thereby
significantly lowered, thus ren-
dering it only weakly nucleo-
philic.


Compounds 12–15 were syn-
thesized from 5,10,15-tris(4-
aminophenyl)corrole
(Scheme 3). Treatment with
copper(II) acetate afforded
5,10,15-tris(4-aminophenyl)cor-
rolate copper (10) in good
yield. The important intermedi-
ate 11 was prepared by mixing
10 and 4-(chloromethyl)benzoyl
chloride at room temperature.
Finally, the quaternary ammoni-
um copper corrole derivatives
12–15 were obtained in good
yield by treating 11 with tri-


Scheme 2. i) Cu(AC)2, pyridine, RT, 30 min; ii) 1-(2-chloroethyl)piperidine hydrochloride or 3-chloro-N,N-di-
methylpropan-1-amine hydrochloride, K2CO3, 60 8C, 72 h; iii) CH2Cl2, CH3I, 40 8C.


Scheme 3. i) Cu(Ac)2, pyridine, 30 min, RT; ii) 4-(chloromethyl)benzoyl chloride, NEt3, THF, RT, 2 h; iii) THF, 33% trimethylamine, alcohol solution,
RT, 12 h; NEt3, reflux 13 h; pyridine, reflux 14 h; 2-(dimethylamino)ethanol, reflux 15 h.
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methylamine, triethylamine, and pyridine, respectively. All
new compounds were fully characterized by NMR spectros-
copy, high-resolution mass spectrometry, UV/Vis spectrosco-
py, and elemental analysis.


Stabilizing the G-quadruplex structure in the telomeric se-
quence and c-MYC region G-quadruplexes sequence by
PCR stop assay :[23, 26] Nondenaturing polyacrylamide gel
electrophoresis (PAGE) was used to ascertain whether the
corrole derivatives bonded to the test oligomer 21G (5’-
GGGTTAGGGTTAGGGTTAGGG-3’) and stabilized the
G-quadruplex structure.[24,25] The sequences of the tested oli-
gonucleotides (21G and 21Gmu) and the corresponding
complementary sequence (Rev 21G), which is a complemen-
tary oligonucleotide that partially hybridized to the last G
repeat of the test oligonucleotide used here, are presented
in Figure 1. Taking the result of the PCR stop assay of cor-
role 13 as an example, we can find that the inhibitory effect
of 13 is enhanced dramatically as the concentration is in-
creased from 1.0 to 15.0 mm (see gel (a) shown in Figure 2a
with the corresponding dose–response curve). The
IC50 value, which indicates the concentration of 13 required
to achieve 50% inhibition of the reaction, was found to be
7.07 mm (the values shown in Table 1 were obtained at least
from three repeated experiments)


A nonspecific PCR inhibition experiment using a mutated
oligomer 21Gmu (5’-GGGTTA GAATTA GGGTTA GGG-
3’) instead of the oligomer 21G, which could not form the
G-quaduplex structure, was performed (Figure 1b). The gel


Figure 1. a) The principle behind the PCR stop assay: The test oligomer
(21G or 21Gmu) was amplified with a complementary oligomer
(Rev21G) overlapping the last six bases TTAGGG. A final 30-base-pair
(bp) double-stranded PCR product was available through a successfully
carried out PCR process in the absence of corroles. On the addition of a
corrole, 21G could be induced into and stabilized as a G-quadruplex
structure. At this time, no PCR product will be obtained because of the
PCR inhibition or because Taq polymerase extension is inhibited. b) If
the two underlined bases GG in 21G were replaced by adenine (A), a
mutative sequence 21Gmu could not form a G-quadruplex structure in
the presence of G ligands.


Figure 2. Effect of corrole 13 on the formation of the PCR stop assay
with G-quadruplex forming 21G oligomer (gel a) or on the parellel assay
with the corresponding mutated oligomer 21Gmu (gel b). Increasing con-
centrations of 13 were added to the G-quadruplex forming 21G or
21Gmu oligomers. The assay used a buffer containing 10 mm K+ and
1.5 mm Mg2+ ions. The quantification of the final 30-bp double-stranded
PCR product is shown by the lighteness of fluorescence determined by
using Chemilmager 5500 (Alpha Innotech, San Leandro, CA) and are
displayed by dose–response curves.
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in Figure 2b with the corresponding dose–response curve
shows the inhibitory properties of 13 to a PCR process with
similar concentration gradients. Compared with the corre-
sponding concentration of 13 in the gel in Figure 2a, it is
clear that whereas 13 totally stabilizes the G-quadruplex for-
mation of the 21G oligomer at 15 mm, it cannot totally inhib-
it the extension of Taq polymerase or the PCR process. The
IC50 value of this reaction between 13 and the 21Gmu oligo-
mer was 11.62 mM relative to the previous IC50 value of
7.07 mm ; thus, we can conclude that corrrole 13 has a good
selectivity for the human telomeric sequence.


The results of the PCR stop assay of the eight cationic
corroles 3, 4, 8, 9, and 12–15 toward the human telomeric se-
quence 21G and mutated sequence 21Gmu are presented in
Table 1. Relative to other corrrole derivatives, corrole 4 dis-
played the highest selectivity of 2.72. This outcome clearly
indicates that corrole 4, which is modified with pyridine at
the meso position of the corrole plane and chelated with a
manganese ion, is better than other corroles in this assay be-
cause it can both stabilize a G-quadruplex at a lower con-
centration and has better selectivity.


Another sequence Pu27 (5’-TGGGGAGGGTGGG-
GAGGGTGGGGAAGG-3’), which existed in the NHE III1
element of the C-Myc gene promoter[26,27] and could form a
parallel G-quadruplex structure, was chosen to replace the
oligomer 21G to further demonstrate the conclusion pre-
sented above by utilizing the same principle. Similarly, oligo-
mer Pu27mu (5’-TGGGGAGGGTGGAAAGGGTGGG-
GAAGG-3’) was chosen to substitute 21Gmu. Detailed re-
sults obtained for these corroles are summarized in Table 1;
all compounds were found to be active at the micromolar
range both in the Telo and C-Myc systems.


Among the eight corroles, 4 was found to be the most
active in this assay, with an IC50 value of 1.52 mM in the C-
Myc system (IC50=2.37 mm in the Telo system). Additional-


ly, 4 also possessed the best selectivity of the two systems,
which can be attributed in a large degree to its special struc-
ture. We suggest that an electron-withdrawing group, such
as the pyridinium moiety in 3 and 4, decreased the electron
density of the corrole ring, thus leading to interaction with
the more electron-rich G-quaduplex DNA. Alternatively, a
trivalent manganese–corrole complex could strengthen the
interaction of the molecular ligand and G-quadruplex and
present a relatively higher affinity toward the G-quadruplex
because of its higher electron deficiency and favorable
shape.[28]


Structure induction or transition of the G-quadruplex in the
presence of corrole derivatives tested by CD spectroscopy :
CD spectroscopy was used to determine the structure induc-
tion and structure transition of the G-quadruplex in the
presence of cationic corrole derivatives. It has been reported
that the human telomeric dACHTUNGTRENNUNG(T2AG3)4 sequence forms a typi-
cal antiparallel G-quadruplex structure in the presence of
Na+ ions and has a positive band near l=295 nm and a neg-
ative band at l=265 nm in CD spectra.[29] On the other
hand, in the presence of K+ ions, there is a small positive
band at l=265 nm, a negative band close to l=240 nm, and
a stronger positive peak at l=295 nm, which may be charac-
teristic of a hybrid of parallel/antiparallel G-quadruplex
structures.[30]


Figure 3 shows CD spectra of the structures obtained by
adding different concentrations of corrole 4 to the human
telomeric sequence Telo24 in the absence of a high concen-


tration of free univalent metal ions.[6b,31] The CD profile of
single-strand Telo24 (5’-TTAGGGTTAGGGTTAGGGT-
TAGGG-3’) shows a positive band at l=257 nm attributa-
ble to the absorbance of individual bases. On adding in-
creasing amounts of 4, there is a sharp decrease in the band
at l=257 nm accompanied by a sharp increase in the band
around l=295 nm, thus showing the formation of hybrid of
parallel/antiparallel G-quadruplex structures.[6b,8]


Table 1. Effects of the corrole derivatives on telomeric quadruplexes and
C-Myc measured by the PCR stop assay.


Compound IC50 [mm] Telo
21G 21Gmu selectivity


3 3.51�2.14 7.09�1.70 2.02
4 2.37�1.01 6.46�1.92 2.72
8 7.70�0.40 10.95�2.95 1.42
9 12.35�1.74 14.03�1.62 1.14
12 10.87�0.14 >30.00 >2.76
13 7.07�0.47 11.62�0.64 1.64
14 5.99�2.27 6.28�1.43 1.05
15 6.30�3.30 5.19�2.07 0.82


Compound IC50 [mm] C-Myc
Pu27 Pu27mu selectivity


3 2.74�0.40 4.19�2.68 1.53
4 1.52�0.31 3.23�1.70 2.13
8 15.34�1.97 4.52�0.44 0.29
9 9.59�2.28 9.67�0.27 1.01
12 7.62�2.57 4.44�1.72 0.58
13 10.31�2.51 7.43�0.92 0.72
14 5.39�0.78 5.12�0.41 0.95
15 4.88�0.40 3.48�1.33 0.71


Figure 3. CD spectroscopic titration of the G-quadruplex (T2AG3)4 with
corrole 4 in the absence of 100 mm NaCl. Arrows from bottom to up indi-
cated increments in r values from 0 to 4. (r=corrole 4/ ACHTUNGTRENNUNG(T2AG3)4).
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From other CD spectra (see
Figure S1 in the Supporting In-
formation), we could conclude
that both 3 and 4 tend to
induce the human telomeric se-
quence to form hybrid G-quad-
ruplex structures, whereas cor-
roles 8 and 9 tend to induce the
human telomeric sequence to form antiparallel G-quadru-
plex structures. However, the other corroles, such as 12–15,
do not induce the same sequences in any G-quadruplex
structure formation. Therefore, this finding suggests that
pyridinium and piperidinium quaternary ammonium sub-
stituents at the meso positions might interact with the loops
and grooves of a G-quadruplex,[32] whereas phenyl amide
substituents at the meso positions do not have this ability to
interact with DNA.


Thermodynamic stability of G-quadruplex structures in the
presence of corrole derivatives : The binding capacities of
the corrole derivatives to the G-quadruplex structure, thus
reflecting the degree of stabilization, were studied by CD
melting experiments.[8] CD spectroscopy was also used to
measure the thermodynamic stability profile of the G4C oli-
gomer (sequence 5’-CATGGTGGTTTGGGTTAGGGT-
TAGGGTTAGGGTTACCAC-3’) incubated with the cor-
role derivatives in the presence of Na+ ions. In these experi-
ments, thermal CD transitions were monitored at l=


295 nm, which is diagnostic of the antiparallel G-quadruplex
structure in the human telomeric sequence.[8]


Figure 4 shows the melting curve of 4 in the presence of
100 mm Na+ ions, 10 mm 2-amino-2-(hydroxymethyl)-1,3-
propanediol hydrochloride (Tris—HCl), and 1 mm ethylene-
diaminetetraacetic acid (EDTA) at pH 7.4. The concentra-
tion of 4 was five times greater than the G4C oligomer.
Table 2 displays the DTm values of the eight corroles (R=5)
(see Figure S2 in the Supporting Information for the melting
curves). All the corrole derivatives possess the ability to sta-
bilize the G-quadruplex structure in the presence of Na+


ions. Among the eight cationic corroles, the DTm values of 3,


4, 8, and 9 are higher than those of the other cationic cor-
roles. As explained before, four of them interact well with
the G-quadruplex, thus suggesting that 3, 4, 8, and 9 are
able to stabilize the G-quadruplex DNA well.


The DTm values of 8 and 9 are 25.7 and 26.7 8C, respec-
tively, which suggests that these corroles are more able to
stabilize the G-quadruplex structure. However, this outcome
seem to conflict with the results of the PCR stop assay,
which suggested that 3 and 4 are more able to stabilize the
G-quadruplex structure. We assume that these conflicting
results are a result of the different buffers used in the two
experimental systems. In the PCR stop assay, the samples
contained 10 mm K+ and 1.5 mm Mg2+ ions, which could
induce the Telo sequence to form a parallel/antiparallel G-
quadruplex structure.[6b] Under these conditions, 3 and 4
may favor this structure because 3 and 4 could induce a
hybrid of parallel/antiparallel G-quadruplexes, thus leading
to improved stabilization of the G-quadruplex. In the CD
melting experiment, the tested samples included 100 mm


Na+ ions that induced the Telo sequence to form an antipar-
allel G-quadruplex structure, which may be favorable for 8
and 9 because they could induce the Telo sequence to form
the same structure.


Selectivities of corroles comparing the G-quadruplex to
double-stranded DNA (dsDNA) tested by SPR : The bind-
ing abilities and constants of corroles 3, 4, 8, and 9 to the G-
quadruplex were quantitatively determined by using SPR
(Table 3). The experimental data are shown in Table 3 (see
Figure S3 in the Supporting Information for sensorgrams),
and we can take the ratio of KA(G4)/KB ACHTUNGTRENNUNG(dsDNA) to evalu-
ate the selectivities of the corroles.[6b,28,31] We found that 3
and 4 had better selectivities than other corroles by compar-
ing the four ratios of KA(G4)/KB dsDNA). Corrole 4 was
the most selective because its binding constant to the G4 se-
quence was about 64 times greater than binding to the
dsDNA sequence. Relative to the 4-pyridinium corrole
ligand in the absence of copper or manganese, the selectivi-
ties of 3 or 4 to the G-quadruplex were sligtly decreased.[8]


It is probable that the formation of copper or manganese
corroles did not result in suitable shapes to interact with the
G-quadruplex DNA compared with the 4-pyridinium cor-
role. Further SRA experiments on this series of compounds
are under investigation.


Binding modes of corroles/G-quadruplex and corroles/calf
thymus DNA (CT-DNA) by UV/Vis titration : To find the
binding modes of the corroles to G-quadruplex DNA and
dsDNA, we measured their maximium absorbance in the


Figure 4. CD melting curve of 12.5 mm DNA oligonucleotide (G4C) and
corrole 4 in 100 mm NaCl at pH 7.4, 10 mm Tris–HCl, and 1 mm EDTA
buffer. The CD spectra were monitored at l =295 nm. The concentration
ratio of corrole/DNA (r) is 5:1.


Table 2. Values of Tm and DTm for the antiparallel G-quadruplex of the human telomeric sequence stabilized
by corrole derivatives.


Compound
control 3 4 8 9 12 13 14 15


Tm [8C] 37.1 54.5 58.4 62.8 63.8 42.8 45.6 46.1 46.1
DTm [8C] 17.4 21.3 25.7 26.7 5.7 8.5 9.0 9.0
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presence of G4 DNA or duplex DNA by UV/Vis titration
(see Figures S4 and S5 in the Supporting Information). We
found that the absorbance was red shifted by less than 8 nm
and that the hypochromicity was between 10 and 35% for
the interaction between the corroles and G4 DNA
(Table 4). It is suggested that corroles 8, 9, and 12–15 have


different binding modes compared with 3 and 4,[33] because
of the increased bulkiness of the G4 DNA relative to cor-
roles.


For the interaction between corroles and dsDNA (i.e. ,
CT-DNA), we found that all the corroles, except 3, might
have the same binding mode with CT-DNA because the ab-
sorbance was red shifted by less than 8 nm and the hypo-
chromicity was between 10 and 35% in the UV/Vis spectra
(see Table 5 and Figure S5 in the Supporting Informa-
tion).[34] We explained that corrole 3 with pyridinium arms
has a planar structure, as determined by X-ray crystallo-
graphic analysis,[22b] and can intercalate into CT-DNA. Cor-
role 4 has axis coordination to the manganese complex, and
this steric effect prohibits it from intercalating with CT-
DNA.[7] Other corroles with steric side arm groups might
not interact with CT-DNA in the same way as 4.


Conclusion


A series of new cationic copper
and manganese corroles has
been designed and synthesized
by using different strategies.
Biochemical studies indicate
that all of the eight cationic cor-
roles 3, 4, 8, 9, and 12–15 can
stablize G-quadruplex struc-
tures. Furthermore, corrole de-
rivatives 3 and 4 can induce the
hybrid formation of a parallel/


antiparallel G-quadruplex structure of the human telomeric
sequence and corroles 8 and 9 could induce the formation of
an antiparallel G-quadruplex structure, as examined by CD
spectroscopy.


Among these corroles, manganese–corrole 4 with pyridini-
um substituents at the meso position of the corrole unit
exerts a better stabilization effect toward the G-quadruplex
structure. The strong electron-withdrawing groups (i.e., pyri-
dinium substituents on the periphery of corrole and the tri-
valent manganese) decrease the electron density of the cor-
role ring, thus allowing ready interaction with the electron-
rich guanine G-quadruplex. SPR data suggested that cor-
roles 3 and 4 showed good selectivity between dsDNA and
G-quadruplexes.


Interestingly, these corroles could also stabilize the G-
quadruplex structure of Pu27 of NHE III1, as determined by
PCR stop assays. The experimental results suggested that
corrole 4 had the best ability to stabilize the G-quadruplex
structure of Pu27 of NHE III1 among all the tested corroles.
This series of corroles has potential in antitumor applica-
tions.


Table 3. Equilibrium binding constants determined by SPR and rate constants for quadruplex interactions, de-
termined from BIAcore analysis of 1:1 binding with mass-transfer fitting.


Compound DNA ka
[a] kd


[a] KA
[b] KD


[c] KA(G4)/
KA ACHTUNGTRENNUNG(dsDNA)


3
G4 2.16O104 2.26O10�3 9.53O106 1.05O10�7


49.4
dsDNA 4.13O102 2.14O10�3 1.93O105 5.18O10�6


4
G4 4.34O103 2.24O10�3 1.94O106 5.17O10�7


63.6
dsDNA 7.75O101 2.54O10�3 3.05O104 3.28O10�5


8
G4 3.70O102 1.33O10�3 2.78O105 3.60O10�6


1.7
dsDNA 3.05O102 1.86O10�3 1.64O105 6.10O10�6


9
G4 1.80O102 6.24O10�3 2.88O104 3.47O10�5


1.2
dsDNA 1.61O102 6.84O10�3 2.35O104 4.26O10�5


[a] Kinetic constants (ka and kd are the corresponding association and dissociation rate constants) determined
from BIAcore analysis by using 1:1 Langmuir global fitting of 240-s association and 240 s disassociation.
[b] Determined from ka/kd. [c] Determined from kd/ka.


Table 4. Effect of G4A on the absorption maximum of the Soret band
for corroles.


Compound lmax [nm] G4A Red shift
lmax [nm] H [%][a] [nm]


3 437 453 37 16
4 500 520 37 20
8 423 436 26 13
9 409 436 29 27
12 417 421 13 4
13 424 427 22 3
14 419 423 16 4
15 419 423 17 4


[a] H= [Abs free�Abs corrole (bound)]/Abs free; Abs free is the absorb-
ance of each corrole at the concentration of 2.5 mm without any DNA;
Abs corrole (bound) is the absorbance of the fully bound corroles as
measured at the Soret maxium of free corrole.


Table 5. Effect of CT-DNA on the absorption maximium of the Soret
band for corroles.


Compound lmax [nm] CT-DNA Red shift [nm]
lmax [nm] H [%][a]


3 435 462 37 27
4 500 505 22 5
8 423 424 39 1
9 421 424 23 3
12 419 425 12 6
13 424 429 23 5
14 420 426 15 6
15 420 426 11 6


[a] H= [Abs free�Abs corrole (bound)]/Abs free; Abs free is the absorb-
ance of each corrole at the concentration of 2.5 mm without any DNA;
Abs corrole (bound) is the absorbance of the fully bound corroles as
measured at the Soret maxium of free corrole.
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Experimental Section


Physical methods : The NMR spectra were recorded on a Varian Mercury
VX-300 MHz spectrometer operating at 300 MHz for 1H NMR. Chemical
shifts in the 1H NMR spectra are reported in ppm relative to the residual
hydrogen atoms in the deuterated solvents: d =2.50 and 7.25 ppm for
[D6]DMSO and CDCl3, respectively. The coupling constants J are report-
ed in Hz. Mass-spectroscopic analysis was performed on a VG ZAB-HS
instrument. UV/Vis spectra were collected with Beijing Purkinje General
Instrument TU-1900 spectrophotometer. The elemental analysis was per-
formed on a Elementary Vario ElIII CHNSO machine.


Materials : N,N-Dimethylformamide (DMF) and pyrrole were distilled
over CaH2 before use. Absolute anhydrous THF was distilled over Na. 1-
(2-Chloroethyl)piperidine hydrochloride was obtained from Alfa Aesar.
The other reagents and solvents were bought from Sinopharm Chemical
Reagent Co., Ltd.


Synthetic methods : The synthetic details of the preparation 5,10,15-tris(4-
hydroxylphenyl)corrole, 5,10,15-tris(4-aminophenyl)corrole, and 5,10,15-
tris(4-pyridyl)corrole are provided in our previous report.[8]


5,10,15-Tris(4-pyridyl)corrolatocopper ACHTUNGTRENNUNG(III) (1): A solution of 5,10,15-
tris(4-pyridyl)corrole (95 mg, 0.18 mmol) and cupric acetate hydrate
(538 mg, 5.4 mmol) in pyridine (20 mL) was stirred at room temperature
for 30 min. The solvent was evaporated and the crude solid was purified
by chromatography on alumina (200–300 mesh) by elution with
CH3COOEt/CH3OH=10:1 and 5:1 to collect the first yellow–green frac-
tion. After removal of the solvents, the solid was recrystallized from
THF/petroleum ether (1:5). Compound 1 was obtained as a black solid in
43% yield (46 mg, 0.078 mmol). 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=7.13 (d, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 4H; pyridine H), 7.27 (s, 2H; pyri-
dine H), 7.47–7.56 (m, 7H; b-pyrrole H and pyridine H), 7.90 (s, 2H; b-
pyrrole H), 8.74 ppm (s, 5H; b-pyrrole H); 13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=122.78, 125.21, 130.27, 133.03, 144.87, 146.42, 150,
150.6 ppm; UV/Vis (THF): lmax (eO10�3 Lmol�1 cm�1)=407 (106.5), 542
(9.5), 617 (6.1) nm; HRMS (ESI): m/z : calcd for C34H20N7Cu+H:
590.1149; found: 590.1145 [M+H+]; elemental analysis (%) calcd for
C34H20N7Cu·H2O: C 67.15, H 3.65, N 16.12; found: C 67.14, H 3.41, N
16.16.


5,10,15-Tris(4-pyridyl)corrolatomanganeseACHTUNGTRENNUNG(III) (2): A solution of 5,10,15-
tris(4-pyridyl)corrole (100 mg, 0.19 mmol) and manganese acetate tetra-
hydrate (463 mg, 1.9 mmol) in pyridine (20 mL) was heated by using an
oil bath at 60 8C for 30 min. The solvent was evaporated and the resulting
solid was isolated by chromatography on alumina (200–300 mesh) by gra-
dient elution with CH3COOEt/CH3OH (10:1, 5:1, 2:1) to collect the first
yellow–green fraction. After evaporation of the solvents, the crude prod-
uct was recrystallized from THF/petroleum ether (1:5). Compound 2 was
obtained as a green solid in 31% yield (34 mg, 0.059 mmol). 1H NMR
(300 MHz, [D6]DMSO/[D4]CH3OH (1:1), 25 8C, TMS): d=8.87 (br s, 5H;
b-pyrrole H), 7.00–7.80 ppm (br s, 15H; b-pyrrole H and pyridine H);
UV/Vis (THF): lmax (eO10�3 Lmol�1 cm�1)=403 (55.4), 438 (63.95), 494
(44.5), 554 (12.55), 583 (15.55), 648 (21.25) nm; HRMS (ESI): m/z : calcd
for C34H20N7Mn+H: 582.1233; found: 582.1234 [M+H+] (100%); ele-
mental analysis (%) calcd for C34H20N7Mn·H2O: C 68.91, H 3.70, N
16.35; found: C 68.95, H 3.91, N 16.59.


5,10,15-Tris(N-methyl-4-pyridyl)corrolatocopper ACHTUNGTRENNUNG(III) (3): A solution of
5,10,15-tris(4-pyridyl)corrolatocopper (45 mg, 0.076 mmol) and CH3I
(10 mL, 0.16 mmol) in a mixture of acetone (20 mL) and methanol
(2 mL) was heated at 40 8C overnight. The solvent was evaporated and
the crude product was recystallized from methanol/petroleum ether (1:2).
Compound 3 was obtained as a black solid in 52% yield (43 mg,
0.042 mmol). 1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS): d =4.52 (s,
9H; CH3), 9.14 ppm (br s, 20H; b-pyrrole H and pyridine H); UV/Vis
(CH3OH): lmax (eO10�3 Lmol�1 cm�1)=427 (16.7), 506 (35.76), 665
(10.52) nm; HRMS (ESI): m/z : calcd for (C37H29I3CuN7�3I)/3: 211.3927;
found: 211.3929 [M+�3I]/3; elemental analysis (%) calcd for
C37H29I3CuN7·3H2O: C 41.53, H 3.30, N 9.16; found: C41.36, H3.52,
N9.16.


5,10,15-Tris(N-methyl-4-pyridyl)corrolatomanganese ACHTUNGTRENNUNG(III) (4): Compound
4 was obtained by using the same procedures described for 3. The start-
ing materials was 5,10,15-tris(4-pyridyl)corrolatomanganese (26 mg,
0.045 mmol) and 4 was obtained in 73% yield (33 mg, 0.033 mmol).
1H NMR (300 MHz, [D7]DMF/CD3OD (1:1), 25 8C, TMS): d =4.56 (s,
9H, CH3), 8.00–8.40 (m, 9H; b-pyrrole H and pyridine H), 8.95–9.20 ppm
(m, 11H; b-pyrrole H and pyridine H); UV/Vis (CH3OH): lmax (eO
10�3 Lmol�1 cm�1)=427 (16.4), 506 (35.76), 665 (10.52) nm; HRMS
(ESI): m/z : calcd for (C37H29I3MnN7�3I)/3: 208.7288; found: 208.7285
[M+�3I]/3; elemental analysis (%) calcd for C37H29I3MnN7·3H2O: C
41.87, H 3.32, N 9.24; found: C 41.77, H 3.14, N 8.82.


5,10,15-Tris ACHTUNGTRENNUNG(4-phenol)corrolatocopper ACHTUNGTRENNUNG(III) (5): Compound 5 was ob-
tained by using the same procedure described for 1. The starting materi-
als were 5,10,15-tris(4-hydroxylphenyl)corrole (460 mg, 0.8 mmol) and
cupric acetate hydrate (4.60 g, 23 mmol). The resulting solid was isolated
by chromatography on silical gel (200—300 mesh) and eluted with ethyl
acetate/cyclohexane (1:2). The first brown fraction was collected. After
evaporatation of the solvent, the crude product was recrystallized from
acetone/petroleum ether (1:5). Compound 5 was obtained as a brown
solid in 59% yield (300 mg, 0.47 mmol). 1H NMR (300 MHz, [D6]DMSO,
25 8C, TMS): d=6.84–6.92 (m, 6H; Ph�H), 7.22 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz;
4H; Ph�H), 7.38 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H; Ph�H), 7.51 (m, 6H; b-pyr-
role H), 7.83 (s, 2H; b-pyrrole H), 9.93 (s, 1H; OH), 9.99 ppm (s, 2H;
OH); 13C NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d =115.67, 116.01,
121.47, 126.99, 129.49, 130.28, 132.20, 131.11, 143.93, 145.08, 150.34,
152.54, 158.58, 158.95 ppm; UV/Vis (acetone): lmax (eO
10�3 Lmol�1 cm�1)=431 (104.7), 637 (6.2), 547 (12.8) nm; HRMS (ESI):
m/z : calcd for C37H23CuN4O3: 634.1066; found: 634.1052; elemental anal-
ysis (%) calcd for C37H23CuN4O3·H2O: C 68.04, H 3.86, N 8.58; found: C
67.61, H 3.82, N 8.38.


5,10,15-Tris(4-{[1-ACHTUNGTRENNUNG(2-ethyl)piperidine]oxy}phenyl)corrolatocopper ACHTUNGTRENNUNG(III)
(6): A suspension of 5 (300 mg, 0.47 mmol), 1-(2-chloroethyl)piperidine
hydrochloride (533 mg, 2.84 mmol), and K2CO3 (685 mg, 4.96 mmol) in
dry DMF (50 mL) was stirred under N2 and heated by using an oil bath
at 60 8C for 72 h. The solvent was evaporated under reduced pressure.
The residue was dissolved in dichloromethane (300 mL) and washed with
water. The organic layer was evaporated under reduced pressure. The re-
sulting solid was isolated by chromatography on alumina (200—
300 mesh) with ethyl acetate/methanol (100:1). The first fraction was col-
lected and the solvent was evaporated. Further purification was carried
out by recrystallization from methanol/dichloromethane (5:1). Com-
pound 6 was obtained as a red–brown solid in 27% yield (123 mg,
0.127 mmol). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =1.42 (s, 6H;
piperidine H), 1.59 (s, 12H; piperidine H), 2.50 (s, 12H; piperidine H),
2.79 (s, 6H; NCH2), 4.15 (d, 3J ACHTUNGTRENNUNG(H,H)=4.5 Hz, 6H; OCH2), 6.91–6.97 (m,
6H; Ph-H), 7.29 (d, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz; 4H, Ph-H), 7.57 (d, 3J ACHTUNGTRENNUNG(H,H)=


7.5 Hz, 2H; Ph-H), 7.63–7.68 (m, 6H; b-pyrrole H), 7.79 ppm (s, 2H; b-
pyrrole H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=24.43, 26.19,
55.32, 58.19, 66.29, 114.32, 114.54, 121.31, 129.52, 131.78, 132.34, 133.02,
144.29, 145.54, 150.77, 159.29, 159.53 ppm; UV/Vis (CH2Cl2): lmax (eO
10�3 Lmol�1 cm�1)=435 (99), 548 (10.4), 627 (5) nm; HRMS (ESI): m/z :
calcd for C58H62N7CuO3+H+ : 968.4283; found: 968.4276 [M+H+]; ele-
mental analysis (%) calcd for C58H62N7CuO3·H2O: C 70.60, H 6.54, N
9.94; found: C71.05, H 6.40, N 10.15.


5,10,15-Tris{4-[(3-dimethylaminopropionylamino)oxy]phenyl}corrolato-
ACHTUNGTRENNUNGcopperACHTUNGTRENNUNG(III) (7): A suspension of 5 (91 mg, 0.47 mmol), 3-chloro-N,N-di-
methylpropan-1-amine hydrochloride (136 mg, 0.86 mmol), and K2CO3


(208 mg, 1.5 mmol) in dry DMF (50 mL) was stirred under N2 and heated
by using oil bath at 60 8C for 72 h. The solvent was evaporated under re-
duced pressure. The residue was dissolved in dichloromethane (300 mL)
and washed with water. The organic layer was evaporated under reduced
pressure. The resulting solid was isolated by chromatography on alumina
(200–300 mesh) with ethyl acetate/methanol (50:3). The first fraction was
collected and the solvent was evaporated. The crude product was recrys-
tallized from petroleum ether. Compound 7 was obtained as a red–brown
solid in 20% yield (26 mg, 0.029 mmol). 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=2.04 (s, 6H; CH2), 2.30 (s, 18H; NCH3), 2.52 (s, 6H;
NCH2), 4.13 (s, 6H; OCH2), 6.96–7.03 (m, 6H; Ph-H), 7.35 (d, 3J ACHTUNGTRENNUNG(H,H)=
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6.6 Hz, 4H; Ph-H), 7.64–7.75 (m, 8H; b-pyrrole H and pyridine H),
7.87 ppm (s, 2H; b-pyrrole H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=27.77, 45.73, 56.65, 66.54, 114.26, 114.49, 121.29, 127.00, 129.46,
131.80, 133.02, 144.29, 145.57, 150.77, 159.72 ppm; UV/Vis (CH2Cl2): lmax


(eO10�3 Lmol�1 cm�1)=434 (79.75), 541 (7.75), 636 (2.4) nm; HRMS
(ESI): m/z : calcd for C52H26CuN7O3+H: 890.3813; found: 890.3825
[M+H]+ ; elemental analysis (%) calcd for C52H26CuN7O3·H2O: C 68.74,
H 6.43, N 10.79; found: C 68.79, H 6.32, N 10.87.


5,10,15-Tris(4-{[1-ACHTUNGTRENNUNG(2-ethyl)-N-methyl-piperidine]oxy}phenyl)corrolato-
ACHTUNGTRENNUNGcopperACHTUNGTRENNUNG(III) (8): A solution of 6 (50 mg, 0.052 mmol) and CH3I (10 mL,
0.16 mmol) in dichloromethane (30 mL) was stirred under N2 and heated
by using an oil bath at 40 8C for 24 h. The solvent was evaporated and
the resulting solid was washed with CH2Cl2 and Et2O in turn. Compound
8 was obtained as a brown solid in 82% yield (59 mg, 0.04 mmol).
1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS): d =1.60 (s, 6H; piperidine
H), 1.89 (s, 12H; piperidine H), 3.21 (s, 9H; NCH3), 3.51 (d, 3J ACHTUNGTRENNUNG(H,H)=


1.5 Hz, 12H; piperidine H), 3.91 (s, 6H; NCH2), 4.61(s, 6H; OCH2),
7.18–7.24 (m, 6H; Ph-H), 7.31(s, 2H; Ph-H), 7.41 (s, 2H; Ph-H), 7.66 (s,
2H; Ph-H and b-pyrrole H), 7.76 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H; b-pyrrole H),
8.16 ppm (s, 2H; b-pyrrole H); 13C NMR (75 MHz, [D6]DMSO, 25 8C,
TMS): d=19.27, 20.47, 47.87, 60.83, 61.22, 114.57, 114.77, 122.12, 131.83,
133.20, 143.08, 149.23, 157.91, 158.17 ppm ; UV/Vis (CH3OH): lmax (eO
10�3 Lmol�1 cm�1)=424 (112.7), 530 (9.95), 627 (5) nm; HRMS (ESI): m/
z : calcd for C61H71CuN7O3I3; found: 337.4960 [M+�3I]/3 (100%),
569.6955 [M+�2I]/2 (14%), 337.4971 [M+�3I]/3, 569.6979 [M+�2I]/2;
elemental analysis (%) calcd for C61H71CuN7O3I3·H2O: C 51.87, H 5.21,
N 6.94; found: C 52.05, H 5.21, N 7.03.


5,10,15-Tris{4-[(3-trimethylaminopropionylamino)oxy]phenyl}corrolato-
ACHTUNGTRENNUNGcopperACHTUNGTRENNUNG(III) (9): A solution of 7 (30 mg, 0.034 mmol) and CH3I (10 mL,
0.16 mmol) in dichloromethane (40 mL) was stirred under N2 and heated
by using an oil bath at 40 8C for 24 h . The solvent was evaporated and
the resulting solid was washed with CH2Cl2 and Et2O in turn. Compound
9 was obtained as a brown solid in 90% yield (40 mg, 0.03 mmol).
1H NMR(300 MHz, [D6]DMSO, 25 8C, TMS): d=2.28 (s, 6H; CH2), 3.15
(s, 27H; NCH3), 3.56 (s, 6H; NCH2), 4.21 (s, 6H; OCH2), 7.17 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 6H; Ph-H), 7.31 (s, 2H; Ph-H), 7.40 (s, 2H; Ph-H), 7.67
(s, 3H; Ph-H and b-pyrrole H), 7.74 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 5H; b-pyrrole
H), 8.14 ppm (s, 2H; b-pyrrole H); 13C NMR (75 MHz, [D6]DMSO,
25 8C, TMS): d=23.38, 53.14, 63.78, 65.76, 115.19, 115.40, 132.80, 159.60,
159.85 ppm; UV/Vis (CH3OH): lmax (eO10�3 Lmol�1 cm�1)=427 (91.35),
544 (8.35), 634 (3.9) nm; HRMS (ESI): m/z : calcd for
[C55H65CuI3N7O3�3I]/3: 311.4819; found: 311.4806 [M+�3I]/3; elemental
analysis (%) calcd for C55H65CuI3N7O3·2H2O: C 48.84, H 5.14, N 7.25;
found: C 48.41, H 5.35, N 6.98.


5,10,15-Tris(4-aminophenyl)corrolatocopper ACHTUNGTRENNUNG(III) (10): A solution of
5,10,15-tris(4-aminophenyl)corrole (524 mg, 0.92 mmol) and cupric ace-
tate hydrate (5.24 g, 26.3 mmol) in pyridine (50 mL) was stirred at room
temperature for 30 min. The solvent was evaporated and the resulting
solid was isolated by chromatography on alumina (200–300 mesh) with
THF/methanol (10:1). The second brown fraction was collected. After re-
moval of the solvents under reduced pressure, the solid was recrystallized
from THF/petroleum ether. Compound 10 was obtained as a black–
brown solid in 83% yield (480 mg, 0.76 mmol). 1H NMR (300 MHz,
[D6]DMSO, 25 8C, TMS): d=5.74 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 6H; NH2), 6.70–
6.73 (m, 6H; Ph-H), 7.42–7.48 (m, 6H; Ph-H), 7.54 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
4H; b-pyrrole H), 7.74 (s, 2H; b-pyrrole H), 7.95 ppm (s, 2H; b-pyrrole
H); 13C NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d=113.95, 114.19,
121.44, 126.65, 127.44, 128.83, 130.08, 132.39, 133.67, 143.27, 144.90,
149.95, 150.54, 150.83, 152.16 ppm; UV/Vis (THF): lmax (eO
10�3 Lmol�1 cm�1)=387 (186.5), 450 (30.6), 584 (90.5) nm; HRMS (ESI):
m/z : calcd for C37H26N7Cu: 631.1546; found: 631.1551; elemental analysis
(%) calcd for C37H26N7Cu: C 70.29, H 4.15, N 15.51; found: C 70.08, H
3.78, N15.26.


5,10,15-Tris[4-(4-benzylchloride)amidephenyl]corrolatocopper ACHTUNGTRENNUNG(III) (11):
A solution of 10 (100 mg, 0.16 mmol), 4-(chloromethyl)benzoyl chloride
(180 mg, 0.95 mmol), and triethylamine (96 mg, 0.95 mmol) was stirred at
room temperature for 2 h. After the reaction went to completion, the sol-
vents were evaporated under reduced pressure. The residue was isolated


by chromatography on alumina (200—300 mesh) with THF/methanol
(200:1). The first fraction was collected. After evaporation of the sol-
vents, the solid was recrystallized from THF/petroleum ether. Compound
11 was obtained as a brown solid in 74% yield (76 mg, 0.07 mmol).
1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS): d=4.85 (s, 6H; CH2), 7.33
(s, 4H; Ph), 7.40 (s, 2H; Ph), 7.59–7.77 (m, 13H; Ph-H and b-pyrrole H),
7.98–8.08 (m, 13H; Ph-H and b-pyrrole H), 10.56 ppm (d, 3J (H,H)=


6.6 Hz, 3H; NH); 13C NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d=


46.12, 120.43, 120.68, 128.85, 129.45, 131.37, 135.45, 140.70, 141.83,
166.01 ppm; UV/Vis (THF): lmax (eO10


�3 Lmol�1 cm�1)=421 (232.2), 541
(25.2) nm; HRMS (ESI): m/z : calcd for C61H41Cl3N7CuO3: 327.4189;
found: 327.4159 [M+�3Cl]/3; elemental analysis (%) calcd for
C61H41Cl3N7CuO3: C 67.22, H 3.79, N 9.00; found: C 67.51, H 3.56, N
8.99.


5,10,15-Tris[4-(4-N-trimethylbenzyl)amidephenyl]corrolatocopper ACHTUNGTRENNUNG(III)
(12): Trimethylamine in alcohol solution (33%, 10 mL) was added to the
solution of 11 (35 mg, 0.032 mmol) in THF (10 mL). The reaction mixture
was stirred overnight at room temperature. The solvent was evaporated
under reduced pressure and the crude product was recrystallized from
methanol/petroleum ether. Compound 12 was obtained as a black solid
in 98% (40 mg, 0.032 mmol). 1H NMR (300 MHz, [D6]DMSO, 25 8C,
TMS): d=3.10 (s, 27H; NCH3), 4.67 (s, 6H; CH2), 7.77 (s, 16H; Ph-H
and b-pyrrole H), 8.06 (s, 8H; Ph-H and b-pyrrole H), 8.19 (d, 3J
(H,H)=6.0 Hz, 8H; Ph-H and b-pyrrole H), 10.79 ppm (s, 3H; NH);
13C NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d=52.65, 67.75, 120.90,
129.02, 132.42, 133.58, 136.98, 165.74 ppm; UV/Vis (CH3OH): lmax (eO
10�3 Lmol�1 cm�1)=417 (115.7), 539 (11) nm; HRMS ACHTUNGTRENNUNG(ESI): m/z : calcd
for [C70H68Cl3N10O3Cu�3Cl]/3: 386.4923; found: 386.4923 [M+�3Cl]/3;
elemental analysis (%) calcd for C70H68Cl3N10O3Cu·3H2O: C 63.63, H
5.64, N 10.60; found: C 63.22, H 5.93, N10.14.


5,10,15-Tris[4-(4-N-triethylbenzyl)amidephenyl]corrolatocopper ACHTUNGTRENNUNG(III) (13):
A solution of 11 (30 mg, 0.028 mmol) and triethylamine (10 mL,
72 mmol) in THF (10 mL) was stirred and heated to reflux for 16 h.
After the solvent and the starting material triethylamine were evaporated
under reduced pressure, the crude product was recrystallized from meth-
anol/ether. Compound 13 was obtained as a black solid in 87% yield
(33 mg, 0.024 mmol). 1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS): d=


1.35 (s, 27H; CH3), 3.25 (s, 18H; NCH2), 4.61 (s, 6H; CH2 in benzyl),
7.73 (br s, 16H; Ph-H and b-pyrrole H), 8.18 (br s,16H; Ph-H and b-pyr-
role H), 10.79 ppm (br s, 3H; NH); 13C NMR (75 MHz, [D6]DMSO,
25 8C, TMS): d =52.75, 59.70, 120.75, 129.09, 131.86, 133.33, 136.96,
165.67 ppm; UV/Vis (CH3OH): lmax (eO10�3 Lmol�1 cm�1)=417 (136.3),
539 (13.2) nm; HRMS (ESI): m/z : calcd for [C79H86Cl3N10O3Cu�3Cl]/3:
428.5393; found: 428.5387 [M+�3Cl]/3; elemental analysis (%) calcd for
C79H86Cl3N10O3Cu·3H2O: C 65.55, H 6.41, N 9.68; found: C 65.63, H
6.82, N 9.13.


5,10,15-Tris{4-[4-(1-pyridyl)benzyl]amidephenyl}corrolatocopperACHTUNGTRENNUNG(III)
(14): This compound was obtained by using the same procedure de-
scribed for 13. The starting materials were 11 (40 mg, 0.037 mmol) and
pyridine (10 mL, 124 mmol). Compound 14 was obtained as a black solid
in 76% yield (37 mg, 0.028 mmol). 1H NMR (300 MHz, [D6]DMSO,
25 8C, TMS): d =6.00 (s, 6H; Ph), 7.74 (s, 12H; Ph-H and b-pyrrole H),
8.09 (br s, 13H; Ph-H , pyridine H and b-pyrrole H), 8.24 (s, 8H; pyridine
H and b-pyrrole H), 8.68 (s, 6H; pyridine H and b-pyrrole H), 9.30 (s,
8H; pyridine H and b-pyrrole H), 10.69 ppm (s, 3H; NH); 13C NMR
(75 MHz, [D6]DMSO, 25 8C, TMS): d =63.36, 120.80, 129.26, 129.42,
129.53, 131.73, 136.27, 138.30, 140.66, 145.74, 146.86, 165.80 ppm; UV/Vis
(CH3OH): lmax (eO10�3 Lmol�1 cm�1)=417 (126.7), 539 (11.8) nm;
HRMS (ESI): m/z : calcd for [C76H56Cl3N10O3Cu�3Cl]/3: 406.4609;
found: 406.4606 [M+�3Cl]/3; elemental analysis (%) calcd for
C76H56Cl3N10O3Cu·3H2O: C 66.08, H 4.52, N 10.14; found: C 66.02, H
4.89, N 9.75.


5,10,15-Tris{4-[4-N-dimethyl-N-(2-ethanol]benzyl]amidephenyl}-
ACHTUNGTRENNUNGcorrolatocopper ACHTUNGTRENNUNG(III) (15): This compound was obtained by using the
same procedure described for 13. The starting materials were 11 (40 mg,
0.037 mmol) and 2-(dimethylamino)ethanol (10 mL, 100 mmol). Com-
pound 15 was obtained as a black solid in 84% yield (42 mg,
0.031 mmol). 1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS): d =3.06 (s,


Chem. Eur. J. 2008, 14, 9431 – 9441 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9439


FULL PAPERStabilization of Guanine Quadruplexes by Metal–Corrole Complexes



www.chemeurj.org





18H; NCH3), 3.94 (s, 6H; NCH2), 4.71 (s, 6H; CH2 in ethanol), 5.50 (s,
6H; CH2), 7.80 (s, 13H; Ph-H), 8.03 (br s, 6H; Ph-H and b-pyrrole H),
8.15 (br s, 13H; Ph-H and b-pyrrole H), 10.72 ppm (br s, 3H; NH);
13C NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d=50.77, 55.60, 66.02,
67.44, 120.80, 128.93, 132.17, 133.87, 136.99, 165.74 ppm; UV/Vis
(CH3OH): lmax (e O10�3 Lmol�1 cm�1)=417 (134.7), 539 (12.4) nm;
HRMS (ESI): m/z : calcd for [C73H74Cl3N10O3Cu�3Cl]/3: 416.5029;
found: 416.5026 [M+�3Cl]/3; elemental analysis (%) calcd for
C73H74Cl3N10O3Cu·3H2O: C 62.12, H 5.71, N 9.92; found: C 61.75, H
6.11, N 9.61.


Biology


Materials : All the oligomers/primers were synthesized and PAGE puri-
fied by Invitrogen Technology (Shanghai, China). Taq DNA polymerase
was purchased from Toyobo (China). CT-DNA was purchased from Bio-
sharp (China). The oligomers Pu27 (5’-TGGGGAGGGTGGG-
GAGGGTGGGGAAGG-3’), Pu27 mu (5’-TGGGGAGGGTG-
GAAAGGGTGGGGAAGG-3’), and RevPu27 (5’-ATC-
GATCGCTTCTCGTCCTTCCCCA-3’) were used in the PCR stop assay,
the sequence Telo24 (5’-TTAGGGTTAGGGTTAGGGTTAGGG-3’) was
used in CD spectroscopy, and G4C (5’-CATGG TGGTTT GGGTTA
GGGTTA GGGTTA GGGTTA CCAC-3’) was used in CD melting. The
sequence G4A (5’-AGGGTTAGGGTTAGGGTTAGGG-3’) was used in
the UV/Vis titration experiments.


PCR stop assay : The PCR stop assay performed was different from the
previous study. The test oligomers 21G, 21Gmu or Pu27, Pu27 mu and
the corresponding complementary sequences Rev21G and RevPu27 were
used in the current study.[23,26] The reactions were performed in 1OPCR
buffer, containing a mixture of 21G, Rev21G, dNTP, Taq polymerase, and
the corresponding corrole derivatives in solution with water and were
amplified by PCR at a total volume of 12.5 mL. After PCR, 2 mL of load-
ing buffer (solution (10 mL) included glycerol (1 mL), bromophenol blue
(25 mg), and Ficoll-400 (1.5 g)) was added to each mixture. The samples
were subsequently analyzed by 16% nondenaturing polyacrylamide gels,
which were carried out in 1OTris/borate/EDTA buffers at room tempera-
ture. The gels were stained by using ethidium bromide and photos were
taken.[23–26]


CD spectroscopy : The CD experiments, utilizing a Jasco-810 spectropo-
larimeter (Jasco, Easton, MD, USA), were measured at room tempera-
ture using a quartz cell with a 1-mm path length cuvette. The CD spectra
were collected at l=220–350 nm with a scanning speed of 100 nmmin�1.
The oligomer d ACHTUNGTRENNUNG(T2AG3)4, at a final concentration of 12.5 mm, was resus-
pended in 10 mm Tris–HCl buffer (1 mm EDTA, pH 7.4) in the absence
or presence of 100 mm NaCl. Various amounts of a stock solution of the
corrole were continually added to increase the concentration ratio of cor-
role/DNA strand. All the CD spectra were baseline corrected for signal
contributions from the buffer.[8,30]


CD thermal melting studies : A solution of G4C oligomer (10 mm ; se-
quence 5’-CATGGTGGTTTGGGTTAGGGTTAGGGTTAGGGTTAC-
CAC-3’) was prepared in Na+ buffer (10 mm Tris–HCl, 1 mm EDTA,
100 mm NaCl, pH 7.4) containing 50 mm corrole to be tested, the mixture
was first heated to 95 8C for 5 min, then slowly cooled to room tempera-
ture, and incubated at 4 8C for at least 6 h. The CD spectra were recorded
on a Jasco-810 spectropolarimeter equipped with a temperature control-
ler with a response time of 1 s and a bandwidth of 1 nm. The CD melting
curves were obtained by monitoring the absorbance at l=295 nm while
the temperature was increased from 20 to 85 8C at about
1.5 8Cmin�1.[6b, 8,30]


SPR testing : The oligonucleotides and materials purchased from Sangon
(Shanghai, China) are G4 quadruplex: 5’-biotin-AG3 ACHTUNGTRENNUNG(TTAG3)3-3’; DNA
duplex: 5’-biotin-GGGCATAGTGCGTGGGCGTTAGC-3’; complemen-
tary strand: (5’-TAACGCCCACGCACTATGCC-3’).


Immobilization of the DNA and SPR binding : Biotinylated DNA was
immobilized on a CM5 sensor chip (BIAcore, Switzerland) with strepta-
vidin by using a BIAcore 3000 optical biosensor. Streptavidin was cou-
pled to the carboxymethylated dextran matrix covering the surface of the
sensor chip by using an amine coupling kit (BIAcore, Switzerland) ac-
cording to the manufacturerRs instruction. Biotinylated oligonucleotide
(0.5 mm) in coupling buffer (10 mm Tris, pH 7.4, 1 mm EDTA, and 150 mm


LiCl) was heated at 95 8C for 5 min and cooled slowly to room tempera-
ture. Then biotin–DNA (30 mL) was injected at a flow rate of 5 mLmin�1.
One of the flow cells was used to immobilize the DNA and another
served as a blank reference.


All the samples were dissolved in dimethylsulfoxide (DMSO; 10 mm)
and prepared in freshly filtered and degassed running buffer (N-(2-hy-
droxyethyl)-piperazine-N’-2-ethanesulfonic acid (HEPES) buffer saline
HBS–EP/KCl, pH 7.4, 0.01m HEPES, 0.2m KCl, 3 mm EDTA, and
0.005% (v/v) surfactant P20) by serial dilutions from stock solutions. This
DNA folded in the running buffer with K+ ions (200 mm) and formed a
quadruplex during extended flow in the SPR experiments.[31]


The dsDNA consisted of biotin–oligoDNA hybridized with its comple-
mentary sequence. The sensor chip was regenerated by injection of
NaOH/NaCl (20 mm/1m, 5 mL). All the procedures used repetitive cycles
of the same injection and regeneration.


DNA binding experiments were carried out in the running buffer
(pH 7.4, 0.01m HEPES, 0.2m KCl, 3 mm EDTA, and 0.005% (v/v) surfac-
tant P20) at a flow rate of 10 mLmin�1.


Fitting of the kinetic data : Generally kinetics parameters are obtained by
global fitting of the kinetic data by using the BIAevaluation program
with 1:1 binding with mass transfer. The values ka and kd are the corre-
sponding association and dissociation rate constants: KA=ka/kd and KD=


kd/ka.
[8, 31]


UV/Vis titration assay : The corroles were prepared in a solution of
DMSO (10 mm). G4A was dissolved in 10 mm Tris—HCl, 1 mm EDTA,
and 100 mm NaCl to form a 100 mm solution with respect to G4A. The so-
lution was heated at 95 8C for 5 min, cooled down to room temperature,
and stored in the refrigerator. CT-DNA was dissolved in 10 mm Tris—
HCl and 1 mm EDTA. The concentration of CT-DNA was determined by
measuring the absorbance at l=260 nm with an extinction coefficient of
13100m


�1 cm�1.


The absorption spectra were collected at room temperature using a Shi-
madzu 1901 UV/Vis double-beam spectrophotometer. Quartz cuvettes
with a path length of 1 cm were used for all the absorbance studies. A so-
lution of 10 mm Tris—HCl, 1 mm EDTA, and 100 mm NaCl at pH 7.4 was
used for the G4A DNA and a solution of 10 mm Tris—HCl and 1 mm


EDTA at pH 7.4 was used for the CT-DNA.


All the absorption titrations were performed by adding a stock solution
of G4A in 10 mm Tris—HCl, 1 mm EDTA, and 100 mm NaCl at pH 7.4 to
a cuvette containing some corroles in 10 mm Tris—HCl, 1 mm EDTA,
and 100 mm NaCl at pH 7.4 (see Figure S4 in the Supporting Informa-
tion). For the CT-DNA, the titrations were performed by adding a stock
solution of CT-DNA in 10 mm Tris—HCl and 1 mm EDTA at pH 7.4 to a
cuvette containing some corroles in 10 mm Tris—HCl and 1 mm EDTA at
pH 7.4 (see Figure S5 in the Supporting Information).
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